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In situ monitoring of electrocatalytic processes at solid—liquid
interfaces is essential for the fundamental understanding of reac-
tion mechanisms, yet quite challenging. Herein, Pt-on-Au nanoca-
talysts with a Au-core Pt-satellite superstructure have been fabri-
cated. In such Pt-on-Au nanocatalysts, the Au cores can greatly
amplify the Raman signals of the species adsorbed on Pt, allowing
the in situ surface-enhanced Raman spectroscopy (SERS) study of
the electrocatalytic reactions on Pt. Using the combination of an
electrochemical method and in situ SERS, size effects of Pt on the
catalytic performance of the core—satellite nanocomposites
towards CO and methanol electrooxidation are revealed. It is
found that such Pt-on-Au nanocomposites show improved activity
and long-term stability for the electrooxidation of CO and metha-
nol with a decrease in the Pt size. This work demonstrates an
effective strategy to achieve the in situ monitoring of electro-
catalytic processes and to simultaneously boost their catalytic per-
formance towards electrooxidation.

Direct methanol fuel cells (DMFCs) have been regarded as one
of the most promising fuel cells for commercial applications
and have become a highly hot topic in the electrochemical
field due to their excellent advantages.' Although great pro-
gress has been achieved for the development of DMFCs, there
are still many problems that seriously hinder their commercia-
lization. For example, the electrocatalytic oxidation of metha-
nol on Pt catalysts is a self-poisoning process.”” CO generated
by the methanol dehydrogenation reaction adsorbs on the
surface of Pt and occupies the active sites, which prevents the
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further oxidation of methanol and reduces the activity of the
catalyst. Therefore, it is urgent to search for more efficient and
poison-resistant catalysts.

It has been demonstrated that the particle size of the cata-
lyst could significantly affect its electrocatalytic performance.
However, debates still exist for the size effect on the activity
towards the electrooxidation of methanol. Bergamaski et al.®
found that the optimum Pt nanoparticle size for the electro-
oxidation of methanol is 3-10 nm. For Pt nanocatalysts with a
size smaller than 5 nm, Tang et al.’ reported that the mass
specific activity of the catalyst increased with the size of Pt in
the range of 2.2-3.8 nm, but it began to decrease with further
increase in the particle size. In contrast, the results obtained
by Zeng et al.'® show that the mass specific activity of the Pt
nanocatalyst decreases with an increase in the Pt nanoparticle
size in the range of 2.2-4.0 nm. One of the most important
reasons accounting for such contradictory results is that cata-
lysts with different particle sizes are usually prepared by
different methods, which would greatly affect their catalytic
performance.

On the other hand, the in situ study of the electrochemical
process is also of significant importance for the development
of efficient electrode materials."’ Surface-enhanced Raman
spectroscopy (SERS) is molecular vibrational spectroscopy with
extremely high surface sensitivity even down to the single
molecule level.">™*” It can provide rich structural information
of molecules and has thus been extensively applied in the
study of the adsorption and reaction of molecules at
surfaces or interfaces.’®>' Moreover, combined with electro-
chemical methods, SERS can be directly used to in situ
monitor the electrocatalytic reactions occurring at solid/liquid
interfaces.”*”>* However, only a few metals like Au, Ag, and Cu
with a rough surface can generate strong SERS effects. The
SERS effect for other transition metals including Pt, Pd, Ru,
etc. that are frequently used in DMFCs is too weak to realize
the in situ detection of the surface species on them. Such dis-
advantages significantly restrict the application of electro-
chemical SERS in electrocatalysis.
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To solve the aforementioned limitation of SERS, a “borrow-
ing” strategy has been developed via the fabrication of Au-tran-
sition metal core-shell or core-satellite nanostructures.””>°
Using the “borrowing” strategy, in situ monitoring of reactions
carried out on transition metal nanocatalysts becomes
possible.”’*° However, most of these studies only focus on
some probe surface reactions, such as the conversion of
4-nitrothiophenol (4-NTP) to 4-aminothiophenol (4-ATP),
instead of the practical catalytic reactions that are of great
importance in the chemical industry. Furthermore, such nano-
structures are usually prepared by one-pot methods, making it
hard to fine-tune the structure of the catalysts. Thus, it is still
a great challenge to study the structure-activity relationships,
such as the size effect or the composition effect, of the cata-
lysts by SERS.

Herein, we prepared a bifunctional nanocatalyst with a
core-satellite superstructure (Pt-on-Au) via a self-assembly
method, where Au nanoparticles are surrounded by Pt nano-
particles. The Au core significantly improves the CO-toler-
ance and long-term stability of the Pt nanosatellites. At the
same time, the Au core also works as a model amplifier to
enhance the Raman signals of the molecules adsorbed on
the Pt surface. Using such a self-assembly method, Pt-on-Au
core-satellite nanocomposites consisting of Pt nanocatalysts
with different diameters are fabricated. Thus, the size effect
of Pt on the electrooxidation of CO and methanol using the
Pt-on-Au bifunctional nanocatalysts was further studied by
in situ electrochemical SERS. The electrochemical SERS
results correlate well with the electrochemical data and show
that in the range of 2-7 nm, the activity towards the electro-
oxidation of CO and methanol increases with a decrease in
the size of Pt.

Pt nanoparticles with different sizes ranging from
2.1-7.6 nm were prepared via a seed-mediated method (see the
ESIt). Pt nanoparticles with a size of around 2.1 nm were first
prepared using a borane tert-butylamine complex as the redu-
cing agent and oleylamine as the protective agent (Fig. 1a and
e).*"*? The as-prepared Pt nanoparticles were then used as the
seeds for the further growth of Pt nanoparticles with larger
sizes. Using such a method, highly uniform Pt nanoparticles
are obtained, and their diameters can be tailored from
2.1-7.6 nm (Fig. 1la-h). As all the Pt nanoparticles with
different sizes were prepared via a similar method, the influ-
ence of the preparation method on the catalytic performance
had been excluded. Therefore, a more accurate and general
size effect can be obtained using these Pt nanoparticles as the
catalyst.

The obtained Pt nanoparticles were then assembled on Au
nanoparticles (~55 nm) to form the Pt-on-Au core-satellite
nanocomposites via electrostatic self-assembly. As shown in
Fig. 1i-1 and Fig. S1,f the Pt nanoparticles, independent of the
size, are homogeneously deposited on the Au nanoparticles.
Such a core-satellite nanostructure has also been demon-
strated by the HAADF-STEM images and elemental maps
(Fig. 1m-p), which clearly show that the Pt nanoparticles are
distributed around the Au cores.
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Fig. 1 (a)-(d) TEM images of Pt nanoparticles with different sizes. Their
size distributions are shown in (e)—-(h), respectively. (i)—(l) TEM images of
the Pt-on-Au satellite nanostructure catalysts. 55 nm Au NPs (larger par-
ticles) are surrounded by Pt NPs (smaller ones) shown in (a)-(d) via
electrostatic self-assembly. (m)—(p) High-angle annular dark field scan-
ning transmission electron microscopy (HAADF-STEM) image and
elemental maps of Pt (2.1 nm)-on-Au.

The as-prepared Pt-on-Au core-satellite nanocomposites are
then used in the electrooxidation of CO. To remove the oleyla-
mine on the surface of the Pt nanoparticles, electrochemical
activation was conducted before electrochemical tests by per-
forming cyclic voltammetry (CV) in an acid solution, which is
widely applied in previous studies.*® As the surface structure of
Pt would greatly affect its electrocatalytic performance,** all
the catalysts were activated using the same procedure to
exclude the influence of the surface reconstruction during the
cleaning process on further electrochemical measurements. As
shown in Fig. S2 in the ESL{ the electrochemically active
surface areas (ECSAs) increase with an increase in the number
of CV cycles and become stable after 50 cycles. This result indi-
cates that oleylamine has been removed from the surface of Pt
and the catalyst has been fully activated.

Fig. 2a displays the electrochemical results of the electro-
oxidation of CO on Pt and Pt-on-Au. The onset potential of
the electrooxidation of CO on the pure Pt nanocatalyst is
about 0.44 V, but it shifts lower to about 0.41 V for Pt-on-Au
(Fig. 2a). The additional peak for Pt-on-Au is attributed to the
oxidation of CO adsorbed on the Au surface, as demonstrated
by the CV of CO electrooxidation on pure Au nanoparticles
(Fig. S37). Such a result demonstrates that Pt-on-Au shows
higher activity towards the electrooxidation of CO compared
to pure Pt. XPS characterization of the Pt and Pt-on-Au
samples indicates that electronic interactions between Pt and
Au exist in Pt-on-Au (Fig. S471), which is also consistent with
previous reports.>®> Thus, we believe that the improved per-
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Fig. 2 (a) CO stripping voltammograms for Pt and Pt-on-Au core—sat-
ellite nanocatalysts in 0.1 M HCIO, at a scan rate of 20 mV s (b)
3D-FDTD simulation for a pair of Pt-on-Au nanocomposites. (c) A sche-
matic diagram of the in situ electrochemical SERS study of CO electro-
oxidation. (d) The electrochemical SERS spectra for CO electrooxidation
in 0.1 M HCLO4 on Pt (2.1 nm)-on-Au core—satellite nanocatalysts.

formance of Pt-on-Au results from the electronic interactions
between Pt and Au.

At the same time, the Pt-on-Au core-satellite nano-
composites can also be used as a bifunctional SERS substrate
to in situ monitor the catalytic reactions occurring on their sur-
faces. As shown in Fig. S5, no Raman signals can be observed
for the pure Pt nanoparticles during the CO electrooxidation
as a result of the weak plasmonic properties of Pt. However,
according to three-dimensional finite-difference time-domain
(3D-FDTD) simulations, highly localized and strong electro-
magnetic (EM) fields are generated around the Au cores, due
to the continuum of the delocalized propagation surface
plasmon at the Au surface (Fig. 2b). The EM field could signifi-
cantly enhance the Raman signals from the species adsorbed
on the surface of the Pt catalyst by 7 orders of magnitude.
Such a high enhancement enables the in situ SERS tracking of
the reaction processes and intermediates on the Pt nano-
catalysts. Therefore, we then employ electrochemical SERS
to in situ monitor the electrooxidation of CO on Pt-on-Au
(Fig. 2c). As displayed in Fig. 2d, two peaks located at about
390 and 485 cm™" are observed, which can be assigned to the
stretch modes of Pt—-CO with bridge and on-top configurations,
respectively.’® As the potential increases, these Pt-CO peaks
start to decline, with a simultaneous redshift of the peaks, and
completely disappear at about 0.6 V. Another peak located at
about 570 cm™" arises when further increasing the potential to
0.8 V, which is attributed to the Pt-O bending mode of surface
platinum oxide.?” This trend correlates well with the electro-
chemical data and directly illustrates the reaction process of
CO electrooxidation.

The size effect of Pt on the electrooxidation of CO on the Pt-
on-Au nanocomposite was further studied, and the results are
shown in Fig. 3a. The current density of the CO stripping peak
decreases with an increase in the size of Pt, and Pt-on-Au with
2.1 nm Pt satellites shows the maximum current density. At
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Fig. 3 (a) CO stripping voltammograms for Pt-on-Au core-satellite
nanocatalysts with different Pt nanoparticle sizes in 0.1 M HClO, at a
scan rate of 20 mV s™%. (b) The corresponding current density of the CO
stripping peak and onset potentials of CO electrooxidation as a function
of the Pt particle size.

the same time, the onset potential for CO electrooxidation
increases with an increase in the Pt particle size, showing a
minimum value at 2.1 nm (Fig. 3b). Similar trends are also
observed for the pure Pt nanoparticles with different sizes
(Fig. S671). As is well known, a smaller onset potential and a
larger current density indicate a better activity. Therefore, it
demonstrates that decreasing the diameter of the Pt nano-
particles in the Pt-on-Au core-satellite nanocomposites will
promote their activity towards the CO electrooxidation, and Pt-
on-Au with 2.1 nm Pt shows the best catalytic performance.
Such a trend can be explained by the fact that Pt nanoparticles
with a smaller size have more coordinatively unsaturated sites
and thus boost the formation of the key intermediates like OH
during CO electrooxidation.®® Another reason may be that the
electronic interactions would become stronger with a decrease
in the the Pt size, as there are more Au-Pt interfaces existing
in Au-Pt core-satellite nanocomposites with smaller Pt
nanoparticles.

Electrochemical SERS has also been used for the in situ
study of the Pt size effect on CO electrooxidation. As displayed
in Fig. 4a-c, the in situ SERS spectra during CO electrooxida-
tion for all the Pt-on-Au nanocomposites, independent of the
Pt diameter, are similar to those for Pt-on-Au with 2.1 nm Pt
nanoparticles (Fig. 2d). The Raman peaks for the stretch
modes of Pt—-CO decrease with the increase of the potential
and completely disappear at about 0.6 V. At the same time, the
Raman peak for the Pt-O bending mode appears at higher
potentials (~0.8 V). In order to quantitatively compare the
influence of the Pt size on the in situ SERS spectra during CO
electrooxidation, the Raman intensity of the Pt-CO bands for
different Pt-on-Au nanocomposites is plotted as a function of
the potential (Fig. 4d). Though they have very similar trends, it
can still be observed that the normalized Raman intensity of
Pt-CO declines faster as the diameter of the Pt nanocatalysts
decreases. Such results are consistent with the electrochemical
data (Fig. 3) and further demonstrate that reducing the Pt dia-
meter could greatly boost the CO electrooxidation activity of
the Pt-on-Au nanocomposite.

We also studied the electrooxidation of methanol on such
Pt-on-Au nanocomposites by in situ SERS. As shown in
Fig. S7,f the Raman signals for CO adsorbed on Pt can be
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Fig. 4 (a)—(c) are the electrochemical SERS spectra for CO electrooxi-
dation in 0.1 M HCIO,4 on Pt-on-Au with a Pt particle size of 4.0 nm,
5.7 nm, and 7.6 nm, respectively. (d) Normalized Raman intensity of
Pt—CO bands as a function of the potential.

clearly observed during the electrooxidation of methanol, and
their intensity will decrease rapidly with the increase of the
potential. Such results directly demonstrate that CO is an
intermediate during the methanol electrooxidation on Pt-
based nanocatalysts, which may block the Pt surface, leading
to the rapid deactivation of the catalysts.

Given the fact that the Pt-on-Au nanocomposites with
smaller Pt nanoparticles show much better performance
towards CO electrooxidation, we then studied the size effect of
Pt on the methanol electrooxidation on the Pt-on-Au nano-
composites. Fig. 5a shows the CV diagrams of methanol elec-
trooxidation on the nanocomposites consisting of Pt nano-
particles with the particle size ranging from 2.1-7.6 nm.
Similar to CO electrooxidation, the peak current density
of methanol electrooxidation decreases while the onset poten-
tial increases with the increase of the Pt size (Fig. 5b),
indicating that Pt-on-Au core-satellite nanocomposites with
smaller Pt nanoparticles have higher activity for methanol
electrooxidation.

Furthermore, the CO-tolerance and long-term stability of
the Pt-on-Au nanocomposites towards the methanol electrooxi-
dation have also been studied. As demonstrated by the in situ
SERS results (Fig. S71) and previous in situ IR results,>>*
during the electrooxidation of methanol in the forward scan,
CO is first generated and would poison the catalyst. Therefore,
the ratio between the peak current density in the forward scan
(Jr) and that in the backward scan ( j,) can reflect the CO-toler-
ance of the catalyst. The larger j¢/j,, value indicates better CO-
tolerance. As shown in Fig. S8a,t the jg/j, value for the Pt-on-
Au core-satellite nanocomposites is much higher than that for
the pure Pt nanoparticles. This result indicates that the core-
satellite nanocomposite is much more resistant to CO poison-
ing compared with Pt, leading to its improved long-term stabi-

lity (Fig. S8b1).
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Fig. 5 (a) Cyclic voltammograms of methanol electrooxidation cata-
lyzed by the Pt-on-Au core-satellite nanocomposites with different Pt
particle sizes in 2 M CHsOH + 0.5 M H,SO, at a scan rate of 20 mV s~
(b) The corresponding onset potentials and peak current density ( j¢) of
methanol electrooxidation as a function of Pt particles size. (c) Effect of
the Pt size on the j/j, ratio of methanol electrooxidation. (d)
Amperometric i—t curve at a potential of 0.6 V vs. SCE for methanol
electrooxidation on Pt and Pt-on-Au satellite nanostructure catalysts.

The influence of the Pt size on the CO-tolerance of the Pt-
on-Au nanocomposite is also investigated. As displayed in
Fig. 5¢, the j¢/ji, value decreases with the increase of the Pt size,
meaning that the Pt-on-Au nanocomposites with smaller Pt
nanoparticles show better CO-tolerance. Such results can be
explained by the fact that smaller Pt nanoparticles can
promote the electrooxidation of CO, which is a poisoning
intermediate generated during methanol -electrooxidation
(Fig. 3 and 4). As a result, the Pt-on-Au nanocomposites with
smaller Pt nanoparticles show much better long-term stability
than the nanocomposites with larger Pt nanoparticles due to
their improved CO-tolerance (Fig. 5d). Furthermore, it is also
observed that the initial activity and long-term stability of Pt-
on-Au nanocomposites are much higher than those of pure Pt
(Fig. 5d), as CO generated on Pt-on-Au during the electrooxida-
tion of methanol could be more easily removed.

In summary, bifunctional Pt-on-Au core-satellite nano-
composites have been fabricated by assembling of Pt nano-
particles on Au cores. Assembly of Pt on Au could greatly
promote the electrooxidation of CO, leading to the improved
activity for the Pt-on-Au nanocomposites as compared to the
monometallic Pt nanocatalyst. At the same time, the Au core
can generate strong electromagnetic fields, which would sig-
nificantly enhance the Raman signals of the species adsorbed
on the Pt satellites. Therefore, the electrocatalytic reactions
carried out on the surface of the nanocomposites can be
in situ monitored by SERS. Combining the electrochemical
method with SERS, we then further studied the size effects of
the Pt nanoparticles on the electrooxidation of CO. It has been
found that the activity of the Pt-on-Au nanocomposites
towards CO electrooxidation increases with the decrease of the

This journal is © The Royal Society of Chemistry 2020
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Pt size in the range of 2.1-7.6 nm. Furthermore, such Pt-on-Au
nanocomposites have also been used in the electrooxidation of
methanol, and the effect of the Pt size on the catalytic per-
formance is also revealed. With the decrease of the Pt size, the
activity and CO-tolerance of the catalysts increase rapidly,
leading to the best activity and long-term stability for the core-
satellite nanocomposites with 2.1 nm Pt nanoparticles. This
work provides a new strategy to fabricate highly efficient nano-
catalysts for DMFCs and to in situ study their structure-activity
relationships by SERS.
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