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CO-stripping experiments are employed as a highly structure-sensitive
and in situ strategy to explore the mechanisms of plasmon-enhanced
electrooxidation reactions. By using Pt—Au heterodimers as a model
catalyst, the plasmon-induced current and potential changes on Pt and
Au sites can be identified and explained.

Local surface plasmon resonance (LSPR), a unique optical
property of plasmonic nanomaterials (e.g., gold, silver, and
copper), is a collective free electron oscillation confined in
nanomaterials when they are excited by light of the corres-
ponding resonance wavelength.' ™ Electrocatalysis enhanced by
the LSPR effect has received extensive attention owing to its
potential applications in efficient solar energy utilization.®™®
However, the time-scale mismatch between the ultrafast dynamics
of resonance energy relaxation (femtoseconds to nanoseconds)
and electrocatalytic processes (milliseconds to minutes) hampers
the effective utilisation of the resonance energy in catalytic
reactions.'®™"* One key strategy to enhance the performance of
plasmon-enhanced catalysis is the construction of heterostruc-
tures, wherein materials with distinct energy level differences are
selectively chosen to enable the migration of hot electrons to
adjacent components.’** This phenomenon prolongs the life-
time of hot carriers and enhances the efficiency of the catalytic
processes, making it a highly desirable approach for solar energy
conversion.”'>

In spite of the promising application of metallic hetero-
structures in plasmon-enhanced catalysis, the precise construc-
tion of plasmonic catalysts with well-defined heterointerfaces
remains challenging. Furthermore, directly probing the local
charge transfer processes of heterostructures at the nanoscale
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is of vital importance for the elucidation of their catalytic
mechanisms. Previously, several analytical methods using tran-
sient absorption (TA),'° in situ electron paramagnetic reso-
nance (EPR),"” photoluminescence (PL),'® surface-enhanced
Raman spectroscopy (SERS),"® and Kelvin probe force micro-
scopy (KPFM)*° techniques have been utilized to characterize
the plasmonic processes. However, most of these analytical
methods still face challenges in probing the plasmon-enhanced
electrocatalytic reactions in situ or at the nanoscale, and their
implementation is complicated and time-consuming. A con-
venient in situ measurement that can reflect the local plasmon-
enhanced electrocatalytic processes needs to be exploited.

In this study, we propose a strategy using carbon monoxide
stripping (CO-stripping) experiments,”* a highly structure-
sensitive reaction, as a means to probe the mechanisms of
plasmon-enhanced electrooxidation reactions by using hetero-
geneous Pt-Au dimer nanostructures as a model catalyst. Pt is
one of the most commonly used catalysts for fuel cells due to its
remarkable electrocatalytic activity.”>>* To increase the resis-
tance to CO poisoning of Pt,>> the method of plasmon-
enhanced electrooxidation is employed,***” wherein Au is
introduced because of its strong plasmonic properties and
excellent stability.”® This proposed CO-stripping strategy is
devoted to enabling the in situ differentiation of local reactions
that occur on Pt and Au sites and thus can be developed as a
general strategy to probe the fundamental mechanisms in
metallic heterogeneous plasmonic electrocatalysts.

A schematic diagram of the synthesis of the Pt-Au heterodimer
catalyst is shown in Fig. 1(a). Pt-Au heterodimers with well-defined
interfaces were synthesized through a seed-mediated growth method
with platinum (Pt) nanocubes as seeds.> The morphology of the Pt
nanocrystals is a concave cube with {#k0} high-index facets with an
average size of ~29.9 nm (Fig. S1, ESIT), which have been proven to
be active sites for CO-stripping reaction.>**! Fig. 1(b)-(d) presents the
transmission electron microscopy (TEM) images of the Pt-Au hetero-
dimers. These heterodimers have a high purity and are composed of
two distinct components. Scanning electron microscopy (SEM)
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Fig. 1 (a) Schematic diagram of the synthesis of Pt—Au heterodimers. (b)—(d)
TEM images and a geometric model (inset) of the Pt—Au heterodimers at
different magpnifications. Corresponding HRTEM images of (e) Au, (f) Pt, and
(9) the Pt—Au interface marked with green squares in panel (d). (h) Dark field
STEM image of Pt—Au heterodimers. (i) Dark field STEM image of a single
Pt—Au heterodimer and (j) corresponding EDS-mapping of the single Pt—Au
heterodimer.

studies show that the Pt component is a concave nanocube and
the Au component exhibits a rhombic dodecahedral (RD) mor-
phology with slight truncation (Fig. S2, ESIt). The formation of
the RD shape enclosed with {100} facets is consistent with
previous results of Au nanocrystals grown in N,N-dimethyl-
formamide solvent.* The geometric model is shown in Fig. 1(c)
for a direct exhibition. Au, a widely investigated plasmonic metal,
can also provide a stable LSPR effect for the following research.*®
High-resolution TEM (HRTEM) images (Fig. 1(e)-(g)) show the
lattices of Pt, Au, and their interfaces. The lattice matching shown
in Fig. 1(h) plays an important role in forming the heterostruc-
tures of the Pt-Au heterodimers with excellent photocatalytic
performance.®! The heterogeneous structure and composition of
the Pt-Au heterodimers can also be confirmed by dark field
scanning transmission electron microscopy (STEM) images
(Fig. 1(h)). The dark field STEM of a single Pt-Au heterodimer
(Fig. 1(i)) and corresponding energy dispersive X-ray spectroscopy
mapping (EDS-mapping) (Fig. 1(j)) show a clear heterogeneous
structure. Modulation of the Pt/Au ratio in the heterodimers is
also investigated (Fig. S3, ESIt). Our results show that both a low
Au content (weak plasmonic properties) and a high Au content
(blocked Pt surfaces) are not suitable for the plasmon-enhanced
electrochemistry.

Compared with Pt concave nanocubes, the Pt-Au heterodi-
mers exhibit a strong plasmonic peak located at 560 nm,
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Fig. 2 (a) UV-vis extinction spectra of Pt concave nanocubes, Au nanocubes
and Pt—Au heterodimers. (b) XRD patterns recorded from Pt concave
nanocubes and Pt—Au heterodimers. (c) Au 4f and (d) Pt 4f XPS spectra of
Pt concave nanocubes, Au nanocubes, and Pt—Au heterodimers.

similar to that of Au nanocubes, whose extinction peak is tuned
by size regulation (Fig. 2(a)). Dimer structures can minimize the
effect of plasmonic damping by non-plasmonic metals such as
Pt and Pd; therefore, the Pt-Au heterodimers serve as an ideal
candidate for plasmon-enhanced electrocatalysis.*>>® The X-ray
diffraction (XRD) patterns (Fig. 2(b)) show that the diffraction
peaks of the Pt-Au heterodimers consist of cubic Pt (PDF# 04-
0784) and Au (PDF# 87-0646), respectively. The Pt diffraction
peaks of the Pt-Au heterodimers match well with the diffrac-
tion peaks of the Pt concave nanocubes without any shift,
indicating the formation of heterostructures rather than an
alloy. The X-ray photoelectron spectroscopy (XPS) results of the
Au 4f and Pt 4f XPS spectra of the Pt concave nanocubes and
Pt-Au heterodimers are displayed in Fig. 2(c) and (d). The Au 4f
spectrum of the Pt-Au heterodimers can be divided into
two different peaks that belong to 4f,, (83.95 eV) and 4f;),
(87.65 €V) species. The Pt 4f spectrum of the Pt-Au hetero-
dimers can be deconvoluted into four peaks that belong to Pt°
af,, (70.75 V), Pt* 4f,, (71.55 eV), Pt° 4f;, (74.10 €V), and Pt>*
4f,;, (74.90 eV). The Pt*>" should come from the Pt oxidized by
O, in the air. After heterostructure formation, the Pt 4f peaks
integrally shift to higher binding energy compared with that of
the Au nanocubes, while the Au 4f peaks shift to lower binding
energy. These results indicate electron transfer from Pt to Au
exists in the Pt-Au heterodimers.

The Pt-Au heterodimers are used as a model catalyst to
probe the local charge transfer processes in plasmon-enhanced
electrochemistry using CO-stripping experiments, with Pt con-
cave nanocubes (Fig. S1, ESIt) and Au nanocubes (Fig. S6, ESIY)
as contrast samples. The CO-stripping reaction has been
proposed as a well-documented example of structure-sensitive
reactions in electrocatalysis, which involves an oxidation pro-
cess between adsorbed CO (CO,q45) and active oxygen species,
such as hydroxyl species (OH,qs) from water oxidation. This
means that CO-stripping is highly sensitive to both CO,qs
and active oxygen species on the surface of the catalysts

This journal is © the Owner Societies 2024
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(COgags + OH,qs = CO, + Hags).”' The oxidation peaks on Pt and
Au appear at different potentials, allowing for the distinguish-
ing of the reactions occurring on different components of the
heterostructures.

The CO-stripping experiments were conducted in a single
cell with 1.0 M potassium hydroxide (KOH) electrolyte under
ambient conditions. A catalyst-supported glassy carbon elec-
trode, a saturated calomel electrode (SCE), and a Pt net elec-
trode were used as the working electrode, reference electrode,
and counter electrode, respectively. All the potentials were
reported on a reversible hydrogen electrode (RHE) scale by
the Nernst equation (Egryg = Escg + 0.0591 x pH + 0.241).%” The
cut-on 515 nm optical filter was chosen to control the light
wavelength according to the extinction spectra of the hetero-
dimers. All of these catalysts were activated at the electrolyte
before CO-stripping testing. The electrodes were first adsorbed
with CO in the CO-saturated electrolyte with CO bubbling at a
potential of 0.1 V vs. RHE for sufficient adsorption.>"*® Then
the CO-stripping with or without light irradiation was con-
ducted after removing CO from the electrolyte by high-purity
nitrogen through the cyclic voltammetry (CV) technique at a
scan rate of 50 mV s~ '. The CO-stripping curves on the Pt
concave nanocubes, Au nanocubes, and Pt-Au heterodimers
are shown in Fig. 3(a)-(c), respectively. The peak at ~0.73 V vs.
RHE belongs to CO-oxidation on Pt (blue boxes), while the peak
at ~1.1 V vs. RHE belongs to CO-oxidation on Au (orange
boxes).>"*® After visible light irritation, the current of the Pt
concave nanocubes slightly deceases (—8.2%) (Fig. 3(a)), while
the oxidation current on the Au nanocubes slightly increases
(18.2%) (Fig. 3(b)). In the case of Pt-Au heterodimers (Fig. 3(c)),
the CO-oxidation current on Au increased more (29%) than on
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Fig. 3 Electrocatalytic CO-oxidation curves of (a) Pt concave nanocubes,
(b) Au nanocubes, and (c) Pt—Au heterodimers with (orange lines) and
without (blue lines) light. Potential and current changes of (d) Pt concave
nanocubes, (e) Au nanocubes, and (f) Pt—=Au heterodimers. (g) Electro-
catalyst MOR curves of Pt—Au heterodimers and (h) corresponding peak
current column chart with (orange) and without (blue) light. (i) Chrono-
amperometry curves of Pt—Au heterodimers with (orange) and without
(blue) light.
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the Au nanocubes but the potential remained the same. Mean-
while, the current of the CO-oxidation peak on Pt decreases
(—26.6%), while the potential shifts negatively (—3%) upon
light irradiation. These changes of Pt concave nanocubes, Au
nanocubes, and Pt-Au heterodimers are presented in column
charts (Fig. 3(d)-(f), respectively).

These detailed in situ local changes provide a basis for
understanding the plasmonic effects in electrooxidation reac-
tions. To further illustrate the charge transfer processes
obtained from plasmon-enhanced CO-stripping experiments,
the Pt-Au heterodimers are also employed in the plasmon-
enhanced methanol oxidation reaction (MOR), where inter-
mediate CO,qs may cause poisoning. The MOR was conducted
under the same conditions, but the electrolyte was changed to
1.0 M KOH + 1.0 M methanol. Fig. 3(g) shows that the current
density (3.57 mA cm ™ 2) on Pt with light irritation is obviously
larger than that (2.35 mA cm™>) without light. The column
chart (Fig. 3(h)) gives a clearer sight of the oxidation peak
current density, and the ratio of current density between light
and dark conditions is 152%. Furthermore, the anti-poisoning
ability was also assessed by chrono-potentiometry curves at a
current of 1 mA for the MOR. The potential jump to a higher
value (~1.2 V) can be understood as poisoning of the
catalysts.*>*" As Fig. 3(i) shows, the time before poisoning of
the Pt-Au heterodimers upon light irradiation (2600 s) was
2.26 times longer than that under dark conditions (1150 s).
These results indicate that the plasmonic effect can increase
the anti-poisoning ability of the Pt-Au heterodimers. The Pt
concave nanocubes (Fig. S7a, ESIT) and Au nanocubes (Fig. S7b,
ESIt) were also studied for comparison.

For plasmon-enhanced catalytic reactions, three typical
effects are commonly considered for the enhancement, namely
the hot charge carriers, local photothermal heating"*** and
strong electromagnetic fields.*** In the case of plasmon-
enhanced electrochemistry based on heterostructure catalysts,
hot charge carriers (e-h pairs) are the major contributors.***>
For Au nanocubes, the current increases slightly upon plasmo-
nic excitation because the generated hot carriers tend to have a
short lifetime and decay in a short time.”>*® In contrast, the
current on the Au component of the Pt-Au heterodimers
increases greater than the Au nanocubes, due to the fact that
heterostructures can enable the migration of hot electrons to
adjacent components and extend their lifetimes.">*” As to the
CO-oxidation peak of the Pt component on the Pt-Au hetero-
dimers, the decrease of current originates from the work
function difference-induced electron transfer.**** Hot elec-
trons tend to transfer to Pt because Pt has a higher work
function than Au, which hampers the capability of withdrawing
electrons from CO and thus inhibits the efficiency of CO-
oxidation.’®*" The negative shift of oxidation potential on the
Pt component can be attributed to the adsorption of CO on the
active sites.>® As the hot electrons are injected, the electron
occupancy of the d-band of Pt increases (d-band centre down-
shifts relatively),”>”* reducing the adsorption of CO molecules
onto the Pt atoms.>®>® The weaker adsorption will result in
the negative shift of the CO-oxidation potential.”>*’ The
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Fig. 4 Schematic illustration of the plasmon-enhanced catalytic pro-
cesses of Pt—Au heterodimers probed by CO-stripping tests.

mechanisms can be concluded as a schematic diagram (Fig. 4),
and these mechanistic insights illustrate that plasmonic excita-
tion can enhance the CO-oxidation efficiency.

In summary, we propose a strategy using a structure-
sensitive CO-stripping reaction as a means to probe the
mechanisms of plasmon-enhanced electrooxidation reactions,
using Pt-Au heterodimers with well-defined interfaces as a
model catalyst. Taking advantage of this strategy, the current
and potential changes of the CO-oxidation peaks on different
components of the heterodimers can be precisely monitored
and thus provide insights into the hot carrier separation and
migration upon light excitation. Specifically, the oxidation
current of the Au component is enhanced, while the oxidation
current of the Pt component decreases but shifts to a lower
potential. These in situ local changes can be understood in
terms of efficient separation of hot charge carriers and subse-
quent hot electron injection. This study deepens our understand-
ing of plasmonic enhancement of heterogeneous electrocatalysis
and provides a convenient strategy to study plasmonic electro-
catalytic processes.
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