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We have rationally synthesized and optimized catalytic nanoparticles consisting of a gold core, covered
by a palladium shell, onto which platinum clusters are deposited (Au@Pd@Pt NPs). The amount of Pt
and Pd used is extremely small, yet they show unusually high activity for electrooxidation of formic
acid. The optimized structure has only 2 atomic layers of Pd and a half-monolayer equivalent of Pt (6p;
= (.5) but a further increase in the loading of Pd or Pt will actually reduce catalytic activity, inferring
that a synergistic effect exists between the three different nanostructure components (sphere, shell and
islands). A combined electrochemical, surface-enhanced Raman scattering (SERS) and density
functional theory (DFT) study of formic acid and CO oxidation reveals that our core—shell-cluster
trimetallic nanostructure has some unique electronic and morphological properties, and that it could be
the first in a new family of nanocatalysts possessing unusually high chemical reactivity. Our results are
immediately applicable to the design of catalysts for direct formic acid fuel cells (DFAFCs).

Introduction

Cheap catalysts amenable for use in low-resource settings (e.g.,
fuel cell catalysts with a reduced Pt loading) are ever in high
demand.' In order to reduce cost (by reducing the amount of Pt
in the catalyst) and simultaneously increase efficiency, Pt-based
bimetallic and trimetallic nanoparticle (NP) catalysts have been
developed.®® These NPs exhibit different properties and func-
tionalities when compared to monometallic Pt. In particular,
they show enhanced selectivity and reactivity when used as
catalysts and sensors.'®* Trimetallic NPs may possess an even
greater degree of catalytic activity and selectivity than the
bimetallic ones because more variables are available for tuning;
however, there have been only a few reports of trimetallic NPs in
the literature thus far.”>'7 In accordance with the increased
degrees of freedom that trimetallic NPs offer, the optimization of
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composition and morphology presented in this work has been
a great challenge.

Our group has recently developed a seed-mediated growth
method to synthesize several kinds of core-shell NPs, and we
have investigated the mechanism of different growth modes for
bimetallic core—shell NPs.'®!* We have proposed that the atomic
radius, cohesive energy, and electronegativity of the core and
shell metals could be three key factors in determining whether the
shell growth mode is an epitaxial or island one. For example, Pd
can grow layer-by-layer on Au,?**' while Pt in general prefers the
island mode on Au and Pd surfaces.' It is of interest to take
advantage of two different growth modes and thus synthesize
trimetallic core—shell-cluster NPs with improved chemical and
physical properties for catalysis.

Formic acid (HCOOH) is nontoxic, and direct formic acid fuel
cells (DFAFCs) are able to achieve a higher power density than
direct methanol fuel cells (DMFCs) although the energy density
of methanol is higher than that of formic acid.?* Formic acid
exhibits a smaller crossover flux through Nafion than meth-
anol,?® allowing the use of highly concentrated fuel solutions and
thinner membranes.! The high energy density, fast oxidation
kinetics, and convenience of liquid formic acid, as well as the
simplicity of power-system integration, make DFAFCs a prom-
ising power source for portable device applications.?** Consid-
erable progress in different aspects of DFAFC research and
engineering has been achieved in recent years, and it has enabled
DFAFC technology to be implemented in practical devices.!

In this work we report the synthesis and optimization of
catalytic NPs consisting of a Au core, covered by a Pd shell, onto
which Pt clusters are deposited (hereafter denoted as Au@Pd@Pt
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NPs). The amount of Pt and Pd used is extremely small, yet they
show unusually high activity for electrochemical oxidation of
formic acid. This activity is critically dependent upon the Pd-shell
thickness and the Pt-cluster coverage. A complex synergistic effect
is achieved by using all three metals in combination (i.e., the whole
is greater than the sum of its parts). In order to understand this
synergistic effect, we used in situ surface-enhanced Raman scat-
tering (SERS) to characterize species present on the surface during
the chemical reaction and density functional theory (DFT) calcu-
lations to reveal why small changes in the NP structure can
dramatically change their catalytic activity.

Experimental
Electrochemical and spectroelectrochemical studies

Electrochemical measurements were conducted using a CHI
631B electrochemical workstation (CH Instruments, China).

Raman spectra were recorded on a LabRam I confocal
microprobe Raman system (Jobin-Yvon, France). The excitation
wavelength was 632.8 nm from a He—Ne laser, with a power of
about 4 mW on the sample.

A spectroelectrochemical cell with a Pt wire and a saturated
calomel electrode (SCE) serving as the counter and the reference
electrodes respectively were used for both the electrochemical
and the in situ spectroelectrochemical SERS measurements.?® All
potentials given in this work are relative to an SCE. Glassy
carbon (GC), covered with NPs, acted as the working electrode.
The active surface area of the working electrode was determined
by hydrogen adsorption/desorption and confirmed by oxygen
adsorption/desorption as in the literature,'®** except
measurements made for the 16 and 9 nm NPs on carbon black
were normalized by mass.

The extent of hydrogen or oxygen adsorption will vary from
one NP material to another, and this will lead to error in the
calculation of working electrode surface area. Several methods
have been devised for estimating surface area, including under
potential deposition (UPD), hydrogen adsorption/desorption,
oxygen adsorption/desorption (or oxide formation/reduction),
and the oxidation of a probe molecule that has a characteristic
surface coverage such as CO. However, a standard method of
estimating surface area for bimetallic NPs does not currently
exist. We used a combination of methods (hydrogen adsorption/
desorption at our Pd-Pt bimetallic NP surfaces, as in the litera-
ture of the Yang,' Feliu*® and Adzic*' groups, followed by
confirmation with oxygen adsorption/desorption) and found that
the surface areas obtained agree within 20%.

A GC disk electrode with diameter = 3 mm was used as the
support. It was prepared for use by mechanical polishing with
successively finer grades of alumina powder to achieve a mirror-
finish surface: 3 to 0.05 pm (Buehler Ltd., USA). It was cleaned
by sonication in Millipore water for 3 min after each polishing
step; then after polishing, it was cleaned electrochemically in 0.5
M H,SO, by scanning the potential between —0.25 and 1.25 V at
500 mV s' for 10 min.

Imaging

Scanning Electron Microscope (SEM) images were acquired
using a LEO1530 (Leo, Germany). Transmission Electron

Microscope (TEM) and high-resolution TEM (HRTEM) images
were acquired using a Tecnai F30 (FEI, The Netherlands) and
a JEOL 4000EX (JEOL, Japan).

DFT calculations

All calculations were performed using the DFT total-energy Vienna
ab initio simulation package (VASP)."? The projector augmented-
wave method (PAW) and the Perdew—Burke-Ernzerhof general-
ized-gradient approximation (GGA-PBE) were employed for the
exchange—correlation functional, and the wave functions were
expanded in a plane-wave basis set with an energy cutoff of 400 eV.
The theoretically optimized lattice constants were 4.174 and 3.953
A for Au and Pd, respectively. These results are in good agreement
with experimental values, which are 4.078 A for Au and 3.891 A for
Pd.?> Au@Pd@Pt NPs with 2 atomic layers of Pd were simulated
using 2 p3 x 3 Au(111) layers, 2 p3 x 3 Pd(111) layers, and a Pty
cluster. The Au lattice constant was used for Pd. Au@Pd@Pt NPs
with =5 atomic layers of Pd were simulated using 4 Pd layers with
the Pd lattice constant and a Pt, cluster. CO was initially placed on
a Pd bridge site and a Pt top site. The induced dipole moment was
taken into account by applying a dipole correction.**3* We allowed
atomic relaxation of the CO molecule and of all metal atoms except
for the bottom layer of the slab in all directions. The final forces on
the atoms were less than 0.02 eV A~!. For the k-point sampling, a 4
x 4 x 1 mesh of gamma-centered grids generated 6 k points in the
irreducible Brillouin zone (IBZ) for the Brillouin zone integration.
The Methfessel and Paxton method® was used with a temperature
broadening of kg7 = 0.01 eV to improve convergence (kg = the
Boltzmann constant, 7" = temperature) and the total energy was
extrapolated to 0 K. The PAW potential was generated taking
scalar relativistic corrections into account.

Results and discussion
Synthesis of the Au@Pd@Pt NPs

The seed-mediated growth method of preparing Au@Pd@Pt
NPs is shown schematically in Fig. 1. The virtue of this method
for preparing core—shell-cluster NPs is that the shell thickness
and cluster coverage can be routinely controlled by simply
adjusting the molar ratios of the second and third metal ions to
Au seeds in solution.'® The moles of Pd required in solution were
determined by taking into consideration the total surface area of
the Au-core particles to be covered, and the number of Pd atoms
which are necessary to cover them with the desired number of
monolayers (in this work we use “monolayers” to mean “atomic
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Fig. 1 The procedure used to prepare a Au@Pd@Pt NP film on a GC
electrode.
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layers”).' An extra 25% was added to ensure complete formation
of each monolayer.*® The moles of Pt required in solution were
determined by taking into consideration the desired Pt to Pd and
Pt to Au geometrical-volume ratios and the Pt to Pd and Pt to Au
molar-volume ratios. It is important to note that Pt grows on Pd
as a set of clusters and not as a set of consecutive monolayers;
however, we will use monolayer-equivalents (hereafter denoted
0py) as a convenient method for describing the amount of Pt
added to each NP.

We now describe the synthesis of NPs with a 55 nm Au core,
covered by 2 monolayers of Pd, and having Pt clusters added
such that the amount of Pt is approximately equivalent to the
amount that would be present in half a monolayer (6p, = 0.5). A
sol containing Au seeds, with a diameter of about 55 nm, was
synthesized according to Frens’ method.?” In order to add 2
monolayers of Pd onto the surface of the Au, 30 mL of the sol
were mixed with 0.8 mL of 1 mM aqueous H,PdCl, (PdCl,,
99.9%, Alfa Aesar) and then cooled to 0 °C in an ice bath. Next,
0.4 mL of 10 mM aqueous ascorbic acid (99%, Shanghai Reagent
Co. of Chinese Medicine) was added to the mixture through
a syringe controlled by a step motor while stirring. The mixture
was then stirred for 30 min to ensure a complete reduction of
H,PdCl,. The color of the mixture turned from red-brown to
dark brown, indicating the formation of products.’*>*® In order to
add Pt clusters with fp, = 0.5 onto the surface of the Pd, the
above solution was heated to 80 °C and 171 pL of 1 mM aqueous
H,PtClg (99%, Shanghai Reagent Co. of Chinese Medicine) were
dropped in. Then 86 pL of 10 mM ascorbic acid were added to
the mixture, and it was allowed to react for another 30 min to
ensure complete reduction of H,PtCls. Finally, 1 mL of the
Au@Pd@Pt NP solution was centrifuged for 15 min, washed
with Millipore water, added to the 3 mm GC disk electrode, and
then dried.*® The loading of Pt and Pd on NPs prepared in this
way was found to be about 28.7 pg cm~2 (this number is a sum for
both metals). The Au : Pd : Pt molar ratio is about 100 : 6 : 1.

Our previous electrochemical and Raman characterizations
have shown that the Pd shell of the Au@Pd NPs can grow in an
epitaxial mode to yield a pinhole-free coating, even at a thickness
of only two atomic layers.'®3 However, the Pt clusters grow by
an island mode because of their high cohesive energy. We present
evidence for a distinct core-shell-cluster structure over an alloy
structure in electronic supporting information (ESI) section S1.¥
In the present study, the coverage of Pt on Pd is very low, typi-
cally less than one monolayer-equivalent (fp, < 1). It may
therefore be reasonable to assume the model that each Pt cluster
is formed as a pyramid of four atoms by the island growth mode.

These NPs were characterized by SEM, TEM and HRTEM
(Fig. 2). They have a uniform size distribution and exhibit
a spherical shape. As can be seen in Fig. 2A-C, it is extremely
difficult to distinguish a very small Pt cluster formed by several
atoms (when fp, = 0.5) from the Pd substrate. This is because
there is only a small lattice mismatch of 0.77% between Pt and Pd
metals.? When we increased the size of the Pt clusters (0p; = 2.0),
however, it became easier to see their surface structure (Fig. 2D—
F). When the coverage of Pt was further increased to fp, > 15, the
island structure became clearly visible (Fig. 2G-I). We also used
SERS to characterize the surface of our NPs. Additional images
are presented in section S1 (Au core) and section S2 (Ag core) of
the ESL.}

Fig. 2 Typical SEM (A), TEM (B) and HRTEM (C) images of 55 nm
Au@Pd@Pt NPs with 2 monolayers of Pd and fp, = 0.5. Typical TEM
(D and E) and HRTEM (F) images of 16 nm Au@Pd@Pt NPs with 2
monolayers of Pd and #p, = 2.0. Typical SEM (G), TEM (H) and
HRTEM (I) images of 55 nm Au@Pd@Pt NPs with 2 monolayers of Pd
and fp, = 20.0.

Characterization of the Au@Pd@Pt NP surface by SERS

Apart from HRTEM, an alternative way to detect the very small
Pt clusters formed when #p, = 0.5 is to employ a probe molecule
and SERS strategy. CO is a widely used probe whose vibrational
frequency is quite sensitive to changes in the way it binds to
metals and its local environment when adsorbed. We therefore
used SERS and analyzed the coverage-dependent frequency
changes observed for CO when adsorbed on our Au@Pd@Pt
NPs in a CO-saturated electrolyte solution.

According to the literature, CO will occupy three-fold-hollow
sites on a pure Pd surface at low coverage.***! Then as the
coverage of CO is increased, it will tend to bridge two Pd atoms
instead;** this may be seen in Fig. 3 (bridge-site adsorption,
Raman shift = 1950 cm™!). We note that a small amount CO will
be adsorbed on top of single Pd atoms (Figure S3 in the ESIY).
On a pure Pt surface, CO will tend to adsorb atop a cluster of
atoms; this may also be seen in Fig. 3 (top-site adsorption,
Raman shift = 2070 cm™'). As fp, is increased, more Pt top sites
and fewer Pd bridge sites become available. Meanwhile, electron
transfer between Pd and Pt can also reduce the amount of CO at
Pd bridge sites.**** Therefore, the relative intensity of the 2070
cm~! band increases and that of the 1950 cm™' band decreases.
Thus, Fig. 3 confirms very well the change in 6p,.

The formation of Pt clusters may also be confirmed by changes
in the frequency of these two adsorption peaks. As more and
more Pt clusters form, the area covered by Pd bridge sites will be
increasingly interrupted by Pt. The number of adjacent Pd bridge
sites will be reduced, dipole-dipole coupling between CO mole-
cules on adjacent Pd bridge sites will be reduced, and the
frequency of the Pd bridge-site adsorption band will decrease.*®
Thus, Fig. 3 shows a red shift for the Pd bridge-site band at about
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Fig. 3 (A) SERS spectra of CO adsorbed on 55 nm Au@Pd@Pt NPs
with 2 monolayers of Pd and different #p, in a CO-saturated 0.1 M
aqueous solution of HCIO,4 at 0 V; (B) our proposed model of the surface
of Au@Pd@Pt NPs having different 6p,.

1950 cm~'. When 6p, is increased from 0.0 to 0.3 for example, the
frequency of the C-O stretching mode decreases from 1963 to
1954 cm~! (Fig. 3A) and this spectral change marks the transition
from bimetallic to trimetallic NPs (Fig. 3B).The frequency
changes observed for CO on top of Pt are even more interesting,
as they appear to be quite complex. The greatest frequency jump,
from 2071 to 2089 cm~', is seen along with the disappearance of
the Pd bridge-bonded CO peak at 1938 cm™' when 6p, is
increased from 1.0 to 5.0 (Fig. 3A). Here, another important
transition is made: the Pd surface is still exposed when 6p, = 1.0,
indicating the Pt cluster structure, but it is completely covered
when fp, = 5.0 (Fig. 3B). The other shifts seen for fp, values
between 0.3 and 1.0 may be due to changes in the configuration
and extent of CO adsorption.

We now list three points which may help explain how the fp, =
0.5 structure is unique. First, Pd-Pt steps are formed when Pt
islands are deposited onto Pd (DFT calculations were performed
on these steps, and they will be discussed later). It would appear
that the quantity and arrangement of these Pd-Pt steps are
optimized when fp, = 0.5. Second, the redistribution of surface
charge caused by partial electron transfer between Pd and Pt
occurs due to their different work function. This can modify CO
binding to surfaces where Pd and Pt atoms lie in close proximity
to one another.*® Third, the full width at half maximum
(FWHM) of the CO atop Pt peak is three times larger when fp; =
0.5 (73 cm™') than it is at full coverage when fp; = 5.0 (23 cm™).
The width of the band is at a maximum when fp, = 0.5, and this
also indicates that the structure is unique.

Finally, we note that both the Pd bridge and Pt top-site CO
peaks display a long, low-frequency tail. Samjeske ez al.* observed
a similar tail in connection with CO adsorbed on Pt terrace
structures in the near vicinity of defects in a polycrystalline Pt
electrode, and Alvarez et al*” observed a tail in connection with
CO adsorbed on Pt-Pd steps. Similarly, our Au@Pd@Pt NP
surfaces must possess some defects. We therefore suggest that the
tail on the low frequency side of each peak is due to a structure
which is the same as the one causing the peak, but in the near
vicinity of defects where dipole—dipole coupling is reduced.

It will now be shown that the chemical and physical properties
of our core—shell-cluster NPs are distinct from those obtained by
other strategies for synthesizing trimetallic cluster NPs, which
typically yield alloy properties.*®

Distinct activities toward the electrooxidation of formic acid

Linear voltammetry was used to investigate the effect of 6p; on
the catalytic activity of Au@Pd@Pt NPs toward -electro-
oxidation of formic acid. Fig. 4A shows that, with a fixed core
size of 55 nm and a Pd-shell thickness of about 2 atomic layers,
the catalytic activity depends remarkably on fp, and is at
a maximum when fp, is about 0.5. This indicates that a syner-
gistic effect occurs between the two metals. Yang and
coworkers' studied Pd and Pt separately, but did not look for
a synergistic effect between them. Wieckowski*** and Masel*'
combined Pd and Pt, but on bulk metal surfaces which are not
ideal for industrial applications. Feliu and coworkers®*® decorated
Pt nanocubes with Pd adatoms and saw increased activity toward
formic acid electrooxidation. Of these, our work is most similar
to the Feliu group’s work but we use Au NPs as a substrate for Pt
islands on Pd in order to introduce strain and thereby further
increase catalytic activity (the effect of the Au substrate will be
discussed in more detail later).

It should be emphasized that the onset potential of formic acid
oxidation is about —0.23 V and the current peak potential is
about —0.05 V. These values are much more negative than the
corresponding values obtained by Feliu’s group®® and Yang’s
group,'® and other groups that use monometallic and bimetallic
nanostructures,'>**- indicating a much higher catalytic activity
through construction of our core—shell-cluster NPs.

According to Grozovski et al., the dehydration step of formic
acid oxidation will take place in a potential region where little
hydrogen is adsorbed.’**” In our case, the onset of hydrogen
desorption and the onset of formic acid oxidation occur simul-
taneously at about —0.23 V (S4 in the ESI{). At about 0 V,
hydrogen desorption is complete and this is one possible reason
why catalytic activity reaches a maximum at about —0.05 V (S4
in the ESIt). In addition to possessing high catalytic activity, our
Au@Pd@Pt NPs are stable beyond 2 h (see S5 in the ESIt). This
is consistent with the literature, where it has been shown that Pd
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Fig. 4 (A) Linear voltammograms of 55 nm Au@Pd@Pt NPs with 2
monolayers of Pd and various fp;, and 55 nm Au@Pt with fp; = 2, in
a solution of 0.1 M HCOOH + 0.1 M H,SO,. The scanning rate was 10
mV s~'. (B) Linear voltammograms of 55 nm Au@Pd@Pt NPs with 6p,
fixed to be about 0.5 but different Pd shell thickness. The scanning rate
was 10 mV s~
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NPs have high catalytic activity but low stability while Pd NPs
modified with Pt have both high activity and high stability.>®

The Au@Pd@Pt NPs show maximum catalytic activity when
fp = 0.5, which is to say that this Pt-cluster on Pd structure is
optimal for the electrooxidation of formic acid. Our core-shell-
cluster nanostructure is completely different from other bimetallic
and trimetallic alloy/composite nanostructures because we can
tune the proportion of the core, shell and cluster independently
according to our needs. The other virtue of this method is that the
syntheses are performed in aqueous solution without using
a strong surfactant, so the NPs are easy to wash clean of any
surfactant which may block their active sites.

It will then be of interest to examine the influence of the
thickness of the Pd shell from 2 to 20 atomic layers with a fixed
Au core size and a fixed fp;. Fig. 4B shows that the electro-
oxidation activity of formic acid decreases dramatically with
increasing shell thickness. The small anodic peak at —0.22 V is
related to the desorption of hydrogen, and it is proportional to
shell thickness;**%' we note that adsorbed species such as
hydrogen, CO from the reduction of CO,, ions and water may all
have an influence on catalytic activity (see S4 in the ESTT).56:62:63
The thickness-dependent catalytic activity toward electro-
oxidation of formic acid indicates that the interaction of the Pd
overlayer with the Au core plays an important role: it can
generate lateral strain in the Pd overlayer at the interface,*%” and
this affects catalytic activity. The atomic radius of Pd is smaller
than that of Au, and as a result, Pd has a more open structure
when it grows on Au (i.e., the Pd atoms are further apart than
they would otherwise be). Thus, tensile strain is created when the
first few monolayers of Pd are deposited on the Au surface. As
the thickness of the Pd shell increases up to five or more atomic
layers, the tensile strain is released in those subsequent layers. As
the open structure returns gradually to the normal surface
structure, catalytic activity approaches that of a monometallic
Pd NP.** Alternatively, the decrease in catalytic activity seen with
increasing Pd shell thickness may be caused by changing elec-
tronic interactions between the Au core, Pd shell, and Pt clusters.
Further research is needed to determine the relative importance
of these potential mechanisms by which Pd shell thickness affects
catalytic activity.

Adzic and co-workers found that Pd- or Pd;Co-core Pt-shell
NPs have higher activity toward the oxygen reduction reaction
(ORR) than bare Pt NPs,*! and that the underlying material will
influence the properties of subsequent Pt monolayers;*® but our
system offers an additional advantage in that the catalytic activity
of PA@Pt is further increased by the underlying Au core. Kolb and
co-workers® have examined the electrooxidation of formic acid on
a Pd modified Au(111) surface and found that peak currents did
not improve much as the thickness of the Pd overlayer was
increased from 1 to 5 atomic layers, despite the fact that the
Au(111) substrate was completely inactive for formic acid oxida-
tion under the experimental conditions used there. Strasser et al.™
found that ORR activity can be tuned by the strain. Kibler et al.*
found that more open Pd monolayers show high catalytic activity,
while compression reduces the oxidation currents significantly. All
of these results are consistent with ours.

We also synthesized core—shell—cluster structures possessing
a nanocube, instead of a nanosphere, core. Au@Pd nanocubes
were prepared according to Fan er al.,'® and Pt clusters were

added as before. Fig. SA shows that, again, maximum catalytic
activity is achieved via the fp, = 0.5 structure.

In order to make the catalyst cheaper and therefore more
applicable to an industrial setting, we reduced the size of the Au
core from 55 to 16 nm (see S1 in the ESIt). We also prepared NPs
with a 9 nm Ag core (see S2 in the ESIT). Both of these were
successfully loaded onto carbon black (our procedure for this is
described in ESI section S21) and used as a catalyst for the
electrooxidation of formic acid. As with the 55 nm Au@Pd@Pt
NPs, they showed maximum catalytic activity when fp, = 0.5.
Data for the 9 nm Ag@Pd@Pt NPs is shown in Fig. 5B. We note
that NPs with a 9 nm Ag core, 2 atomic layers of Pd and a Pt
loading such that fp, = 0.5 have a Ag: Pd : Pt molar ratio of
about 50 : 10 : 1. We note also that a 55 nm particle diameter is in
the ideal size range to provide high SERS activity for the
mechanistic studies (5 or 10 to 120 nm’-7*) but we start to
sacrifice SERS activity in favor of low cost when we move to a 16
or 9 nm diameter. Since the ideal fp; is constant for different
types of NPs, the Pt-on-Pd structure must have some specific
position for the electrooxidation of formic acid.

SERS measurement and DFT calculations to study the
mechanism of formic acid electrooxidation

Of central interest here is the synergistic effect of the special core—
shell—cluster structure with an extremely small amount of Pt on
the ultra-thin Pd overlayer, because neither the well-distributed
Pt clusters nor the open structured Pd overlayer alone can exhibit
such abnormally high catalytic activity. Since the above-
mentioned electrochemical measurements were unable to reveal
a detailed mechanism, a combination of spectroscopic and
theoretical methods were employed to gain mechanistic infor-
mation on this complex system at the atomic and molecular
levels.

Since Au NPs provide long-range electromagnetic field
enhancement, we may “borrow” SERS activity from the Au core
(which lies beneath the Pd layers and the Pt clusters) and use it to
examine species adsorbed on the surface of the NPs during
electrooxidation of formic acid.’*”*75 Fig. 6A presents SERS
spectra obtained from 55 nm Au@Pd@Pt NPs with 2 mono-
layers of Pd and fp, = 0.5 in an aqueous solution of formic acid.
The peak at about 1844 cm™' is assigned to stretching of CO,q in
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Fig. 5 (A) Linear voltammograms were obtained from 40 nm
Au@Pd@Pt nanocubes with 2 monolayers of Pd and various fp, in
a solution of 0.1 M HCOOH + 0.1 M H,SO,. (B) Linear voltammograms
were obtained from 9 nm Ag@Pd@Pt NPs with 2 monolayers of Pd and
various fp in a solution of 0.1 M HCOOH + 0.1 M H,SO,. For both, the
scanning rate was 50 mV s™' and an SEM image is given in the inset.
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three-fold-hollow Pd shell sites, and the peak at about 2000 cm ™!
is assigned to stretching of linear-bonded CO,q4 atop Pt clusters.”®
In the low frequency region, the 395 cm™! band corresponds to
the Pd—C stretch and the 494 cm ™! band corresponds to the Pt-C
stretch. As explained above, the presence of a three-fold-hollow
CO peak indicates that the coverage of CO on Pd is very low.

For comparison, we also performed SERS measurements on
the same NPs in a CO saturated solution without formic acid. As
shown in Fig. 6B, the CO stretching frequencies are about 75-105
cm™! higher for CO,4 molecules in the saturated CO solution than
they are for CO,q molecules in the formic acid solution. In
a Fourier transform infrared (FTIR) and SERS study of formic
acid oxidation on Pt-group metals by Weaver and co-workers,””®
it was found that when the coverage of CO increases, the C-O
stretching frequency increases because there are more dipole—
dipole interactions between the CO molecules. We note, however,
that the frequency of the 1844 cm™' band increases by ~105 cm™!
whereas the frequency of the 2000 cm~! band increases by only
~75 cm~'. Thus, it seems reasonable to attribute the frequency
increase seen for the 2000 cm~' band to increased dipole-dipole
coupling, but we believe an additional effect may be contributing
to the 1844 cm™' band shift: a change in the preferred adsorption
site from the Pd three-fold-hollow to the Pd bridge.
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Fig. 6 SERS spectra recorded on a GC electrode coated with 55 nm
Au@Pd@Pt NPs having 2 monolayers of Pd and 6p, = 0.5 in different
solutions: (A) 0.1 M H,SO,4 + 0.1 M HCOOH, and (B) CO-saturated 0.1
M H,SO,. Each potential is indicated in the figure.

It should be noted that the SERS intensity of CO in these two
systems are drastically different (see Fig. 6A and 6B), which
indicate that the CO coverage in the HCOOH solution is much
lower than that in the CO saturated solution. A much lower
coverage of CO on the surface of our trimetallic NPs can greatly
reduce active-site poisoning by CO, and leave more available for
electrooxidation of formic acid. This is one of the reasons why
our trimetallic NPs show much higher catalytic activity than
other monometallic or bimetallic systems. Further evidence for
the band assignments given above is provided in S3 of the ESL.{

Fig. 6A shows that CO was present at all potentials, yet
Fig. 4A (black curve) shows that the catalytic activity was high
throughout the potential range examined. There are three
reasons for this. First, the surface coverage of CO is very low as
indicated by low SERS intensity and low frequency Raman shifts
(Fig. 6A). Second, CO is produced mainly on Pt (see S6 in the
ESIY).7#*! This is evidenced by the relative SERS intensities in
Fig. 6: the Pd peak at ~1844 cm™! is much weaker than the Pt
peak at ~2000 cm~' (Fig. 6A), whereas these two peaks are of
similar intensity when the electrode is placed in a CO-saturated
solution (Fig. 6B). Third, CO is oxidized to CO, at more positive
potentials. CO, then leaves the surface, and more active sites
become available for the adsorption and reaction of formic acid.
The peak at about 1844 cm~' in Fig. 6A, for example, gradually
disappears with increasing potential indicating three-fold-hollow
Pd shell sites become more difficult to poison with CO.

In order to obtain a deep understanding of the electrochemical
and the SERS results, and to clearly reveal the formic acid active
sites and the CO-poisoned sites, total-energy DFT calculations
were performed using the Vienna ab initio simulation package
(VASP).®? Four possible CO adsorption/reaction sites are shown
in Fig. 7, and the corresponding CO adsorption energies are
provided in Table 1.

For NPs with 2 monolayers of Pd, the CO adsorption energies
in Table 1 can be divided into two distinct categories, high energy

? )AI IAJ' I
L)’t)’\j’

I!Ac’ IAII
t)“

j"\)"

Fig. 7 The atomic view of four different sites for adsorption/reaction:
(A) a Pt cluster on-top site, (B) an isolated Pd hollow site, (C) a one Pt-
atom and two Pd-atom mixed hollow site, (D) a two Pd-atom between
two Pt clusters mixed hollow site; and (E) proposed adsorption model for
CO on all four of the above sites.
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Table 1 DFT Results for the Energy of CO Adsorption on 55 nm
Au@Pd@Pt NPs with Different Pd Shell Thicknesses and 6p, = 0.5

Energies for adsorption at the positions
shown in Fig. 7 (eV)

Pd Shell Thickness A B C D
2 Monolayers of Pd 2.05 2.04 2.32 1.57
5 Monolayers of Pd 2.17 1.98 1.84 1.84

sites (A, B and C) and low energy sites (D). CO adsorption will be
favored atop Pt clusters (A) and on isolated Pd hollow sites (B),
which exist widely in ordinary Pt and Pd surfaces. It will also be
favored on mixed hollow C-sites, which exist in most Pt/Pd
bimetallic surfaces. The calculations in Table 1 show, however,
that CO adsorption is rare on mixed hollow D-sites, which are
thus free to catalyze the electrooxidation of formic acid. Fig. 4A
shows that catalytic activity is maximum when fp; = 0.5, and the
reason for this may now be understood: the number of mixed
hollow D-sites will first increase and then decrease with
increasing Pt coverage, reaching a maximum when 6p, = 0.5.

For NPs with 5 monolayers of Pd, there are also two categories
of adsorption energy: the high energy A and B sites, and the low
energy C and D sites. The low energy sites are difficult to poison
with CO, hence C and D are free for the electrooxidation of
formic acid.

The DFT calculations also show that the CO adsorption
energy for a given site, such as C or D, is dependent upon Pd shell
thickness. Accordingly, the unusually high catalytic activity seen
in our Au@Pd@Pt NPs must occur by a synergistic effect. So
while the Au core can affect the Pd shell and Pt clusters (by
opening their structures and by electron transfer),*** and the Pd
shell can affect the Pt clusters (by opening its structure and by
electron transfer),*® the Pt clusters can conversely alter the
properties of their support (the adsorption energies for B and D
sites given in Table 1 are different, though both of them are the
same Pd hollow sites). Further DFT calculations indicate that
the reaction intermediate COOH is adsorbed at the D-site with
an orientation that greatly facilitates the direct oxidation of
formic acid to CO, (see S7 in the ESIY).

According to Nerskov and co-workers,?># adsorption energies
and catalytic activities are greatly dependent on the d-band center.
Changes in the position of the d-band center should therefore also
be cited to explain why Au@Pd@Pt NPs with 2 monolayers of Pd
and fp, = 0.5 have the highest catalytic activity. DFT calculations
have shown that the electronic properties of a surface can be
modified considerably by changing the nearest-neighbor distance,
such as in pseudomorphic overlayers, and that this effect is related
to a shift in the d-band center.3** In this regard, the d-band center
of Pd is not only modified by the Au support, but also by the Pt
overlayer in our system. The lower the d-band center, the weaker
the metal-adsorbate binding strength during oxidation and the
more negative the oxidation potential.®” This is another possible
reason why the onset potential of formic acid oxidation (—0.23 V)
and the current peak potential (—0.05 V) are so negative for
Au@Pd@Pt NPs with 2 monolayers of Pd and #p, = 0.5.

The combination of spectroscopic and DFT results provide
much information about the origin of the unusually high activity

of Au@Pd@Pt NPs with an ultrathin Pd shell and very low Pt
cluster coverage. Pt top sites (A) are quite active for the disso-
ciation of formic acid,' but simultaneously prone to CO
adsorption (Table 1). In contrast, isolated Pd hollow sites (B) do
not catalyze the dissociation of formic acid well,** but SERS
spectra obtained from Au@Pd NPs show that the Pd surface is
relatively free from poisoning by CO (see S6 in the ESIY)
although some CO adsorption does occur (Table 1). The trime-
tallic NPs described in this work are ideal, however, because they
exhibit high catalytic activity and the two Pd atoms between two
Pt cluster mixed hollow D-sites (which we believe to be most
active) have a low tendency toward CO poisoning. The D-site
adsorption/reaction characteristics are more favorable for the
electrooxidation of formic acid in the case of the Au@Pd@Pt
NPs with 2 monolayers of Pd (Fig. 4B, black curve) than they are
in the case of the Au@Pd@Pt with 5 monolayers of Pd (Fig. 4B,
green curve) because the Pd structure is more open, because CO
poisoning occurs to a lesser extent, and possibly because of
electronic effects as well. Thus we have tuned the composition
of the NPs, optimizing their structure for the electrooxidation of
formic acid.

The extremely high electrooxidation activity is most likely due
to synergistic morphological and electronic effects at the mixed
hollow D-sites. The structure at these active sites is determined
not only by Pt and Pd, but also by the underlying Au substrate.
The synergistic effects of our trimetallic structures could be
propitious to the electrooxidation of formic acid, either directly
or through the formate pathway.?"-%# The Pt coverage on Pd
should be fp; = 0.5 to maximize the number of mixed hollow D-
sites and possibly also tune the position of the d-band center,
therefore optimizing the catalytic activity.

Conclusions

We have rationally synthesized Au@Pd@Pt NPs using the
atomic radius, cohesive energy, and electronegativity of these
three metals to initiate different growth modes. Au NPs coated
with two atomic layers of Pd, and Pt clusters such that fp, = 0.5,
possess the highest catalytic activity for electrooxidation of for-
mic acid when compared to other nanostructures such as Au@Pd
NPs, Au@Pt NPs and previous bimetallic systems using massive
electrodes.'®1%52:33:9092 Ap increase in the loading of Pd beyond 2
atomic layers and Pt beyond fp, = 0.5 will actually decrease
catalytic activity, a phenomenon which is quite interesting
scientifically. The combination of electrochemical, spectroscopic
and DFT studies presented in this work reveal that our trime-
tallic nanostructure has electronic properties and a surface
morphology which are uniquely suited for catalysis.

The high catalytic activity that we have demonstrated for
Au@Pd@Pt NPs with only two atomic layers of Pd and a sub-
monolayer quantity of Pt makes them a promising new electrode
material for commercial fuel cells. In addition, the Au core could
be replaced by Ag, which is structurally similar but much cheaper,
to achieve enhanced catalytic activity by the same synergistic
effect. Given the ease with which NPs may be prepared, together
with the availability of diverse core, shell and cluster materials
(metals or even oxides), there is tremendous potential for gener-
ating a myriad of nanomaterials by the present means. These
nanomaterials are appropriate for use in fuel cells and other
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electrochemical and catalytic process applications, as well as for
use in sensors.
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