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The Pt(@Au catalysts demonstrate remarkably high oxygen reduction
reaction (ORR) activity compared with Pt/C catalysts. The ORR of
Pt;@Au,;/C and Pt;@Au,/C is 9.5 and 6.6 times that of Pt/C,
respectively. This improvement is attributed to the electronic structure
effect of the Au core on the Pt shell and introduction of PFSA.

The widespread commercialization of low-temperature polymer
electrolyte membrane (PEM) fuel cells is severely hampered by
several issues, including the low catalytic activity and high cost
of Pt-based catalysts for the oxygen reduction reaction (ORR)
at the cathode.! To overcome these barriers, on the one hand
researchers have been looking for other alternative materials to
replace the Pt-based catalysts,”> on the other hand they have
engineered the morphology or composition of Pt-based catalysts
to maximize their activity.’> For example, a Pt-based alloy with
other transition metals demonstrated enhanced electrocatalytic
activity for the ORR.* However, the dissolution of non-noble
metals from these catalysts can influence catalyst activity and
contaminate the electrode membrane,*** leading to a decrease in
the PEM fuel cell performance. Fortunately, core—shell structure
catalysts such as Pt@Ni can alleviate this problem because the
Pt shell can protect the non-noble metal core.’ Nevertheless,
non-noble alloying materials are still not stable and can diffuse
onto the Pt nanoparticle surface in the acidic environment of a
PEM fuel cell, at highly positive cathodic potentials.>’
Recently Pt@Au catalysts have attracted attention because
Pt@Au catalysts have higher activity for oxygen reduction and
higher stability compared with pure Pt catalysts.® This enhanced
activity for oxygen reduction is attributed to the strain and ligand
effect of the core substrate on the noble metal shell.” In this study,
we introduce a novel Pt@Au nanoparticle catalyst encapsulated
in perfluorosulfonic acid (PFSA) that shows remarkably high
activity for the ORR (Scheme 1). In this novel system, the PFSA
not only acts as a stabilizer for the Pt@Au catalyst, but it also
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enhances the activity of Pt@Au catalysts on the electrode of a PEM
fuel cell because PFSA, or Nafion, is conventionally impregnated
into the catalyst layers of the PEM fuel cells in the form of a recast
film and improves the activity of the Pt catalyst and increases
proton conductivity. In addition, using PFSA to encapsulate the
surface of the novel Pt@Au catalyst can improve the lifetime of the
Pt/C catalyst because of a stabilization effect.'®

Scheme 1 illustrates the approach used to synthesize the
Pt@Au nanoparticles. Using PFSA (Nafion) as a nanoparticle
stabilizer is important for controlling the size and monodispersity of
both the Au seed and the Pt@Au nanoparticles at every step.® The
size of the Au seed was controlled by adjusting the ratio of Nafion
to metal, and the Pt layer thickness and surface coverage on the Au
seed changed with the ratio of atomic Pt/Au (Scheme 1b and c).
Energy dispersive X-ray analysis (EDX) studies of individual metal
nanoparticles revealed the presence of the elements C, F and S on
the metal nanoparticles, most likely derived from the Nafion layers
on the outer surface of the metal nanoparticles.'®

The UV-Vis absorption spectra from an aqueous suspension of
Au nanoparticles and Pt@Au hydrosols are shown in Fig. S1,
ESIL{ The Au spectrum has a peak at 517 nm due to the surface
plasma resonance property of Au; however, this peak disappears
in the spectrum from the Pt@Au hydrosol, indicating that the
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Scheme 1 Schematic diagram of the synthesis of Pt@Au nanoparticles.
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Pt atoms almost completely cover the surface of the Au nano-
particles. The size of the Au nanoparticles was approximately
4.4 nm. The Pt shell thickness was calculated according to the
reported formula'! (see Table S1, ESI¥), and it increased as the Pt
to Au atomic ratio increased. The Pt shell thickness of Pt;@Au,
nanoparticles was 0.31 nm, which is slightly larger than the Pt
atomic diameter of 0.278 nm.'? Therefore, we believe that a
complete monolayer of Pt atoms was formed on the surface of
the Au core with the successive and tunable reduction method.
As the Pt to Au atomic ratio increased, the Pt shell thickness of
Pt4@Au, nanoparticles increased to 1.58 nm, which is approxi-
mately five layers of Pt atoms. The Pt@Au nanoparticles were
also characterized using transmission electron microscopy
(TEM) (see Fig. S2, ESIt). All the synthesized nanoparticles
were well dispersed without aggregation and had a narrow size
distribution due to the stabilizing effect of the PFSA. The
average size (as measured by TEM analysis) of the nano-
particles made from different Pt to Au atomic ratios is in
agreement with the calculated values as listed in Table Sl,
ESI.¥ The Pt@Au nanoparticles made with different Pt to Au
ratios were uniform within each ratio group and the size of the
Pt@Au nanoparticles increased with increasing Pt to Au ratio.
Further characterization with high-resolution transmission
electron microscopy (HRTEM) was conducted to examine the
core—shell structure of the Pt@Au nanoparticles. A typical
TEM image of the Pt;@Au; nanoparticles is shown in Fig. 1A,
with a magnified TEM image shown in Fig. 1B. Fig. 1C is an
enlargement of one of the particles seen in Fig. 1B, and the lattice
fringes can be seen very clearly. Fig. 1D is a Fourier transform of
the image seen in Fig. 1B and provides more detailed structural
information on these particles. A face-centered cubic (fcc) struc-
ture is seen in the zone axis, and the corresponding plane indices
are labeled. This result is expected given the fcc structure seen for
both Au and Pt elements. The weak diffraction spots seen in
Fig. 1D could originate from the very small image area used for
the Fourier transform or the different lattice spacing of Au and Pt.
The lattice parameters of Au and Pt are 0.4078 and 0.3924 nm,
respectively. This small difference is not enough to generate two
sets of diffraction patterns, though it can cause an observable
broadening of the diffraction spots. In Fig. 1B, we notice that the
spacing between the central atoms (0.350 nm) is larger than those
on the outskirts (0.340 nm). The former is close to the Au[—11—1]
spacing of 0.353 nm, suggesting the presence of a Au core, and the
latter is exactly the same as the value for Pt along its [—11—1]
direction, indicating the existence of a Pt shell covering the particle.
An intensity profile along the [—11—1] direction of the particle,
indicated by a line in Fig. 1C, is shown in Fig. 1E. The
experimental value for the Au inter-atomic spacing is slightly
smaller than the theoretical value, which is due to the effect of
the Pt shell whose atomic spacing is smaller than the Au core.
Fig. S3, ESI} shows the cyclic voltammograms (CVs) for
Pt@Au/C catalysts in deaerated 0.1 mol dm~> HCIO, with a
glass carbon electrode. The electrochemically active surface
area (ECSA) was calculated based on the hydrogen adsorption
peak area in the CVs. For all the Pt@Au/C catalysts, the Au
core was completely covered with Pt because the characteristic
Au reduction peak at 1.05 V vs. RHE'? was noticeably absent,
which is consistent with the UV-Vis absorbance data. The
ECSA was calculated to be 183, 110, 71, 48 m> g_lpt for Pt to

Fig. 1 (A) TEM image of Pt;@ Au, nanoparticles. (B) HRTEM image
of Pt;@Au, nanoparticles. (C) An enlargement of a particle in Fig. 1B
as indicated by the red square. (D) An FFT transform of Fig. 1B,
showing that the zone axis is [011], with the plane indices clearly labeled.
(E) Intensity profile along the line in Fig. 1B, where the spacing
difference between atoms can be seen. The unit for the x-axis is nm.

Au atomic ratios of 1:2,1:1,2:1 and 4 : 1, respectively. The
metal mass-specific activities are 61, 55, 47, 39 m> g’l(PH Au for
Pt to Au atomic ratios of 1 : 2, 1 : 1,2 : 1 and 4 : 1, respectively.
Clearly, the catalytic activity of Pt@Au catalysts with atomic ratios
of Ptto Auof1:2and 1 : 1 is significantly improved compared to
that of Pt/C catalysts (Johnson Matthey), which have an ECSA of
70 m? g~ 'p (Fig. S3B, ESIT). The Pt ECSA for Pt,@Au,/C and
Pti@Au,/C catalysts are 2.6 times and 1.5 times that of Pt/C
catalysts, respectively. Upon increasing the Pt to Au ratio, the
ECSA of Pt@Au/C catalysts significantly decreased due to the
thicker Pt shell and larger particle size (Fig. S3B, ESI). In addition,
the potentials for Pt oxide formation and reduction shift positively
with Pt@Au/C catalysts compared with Pt/C catalysts. This shift is
due to the interaction between the Pt shell and Au core,*? which
probably induces higher ORR activity in the catalysts.'*

Fig. 2 compares the polarization curves for the ORR in Pt/C
catalysts and Pt@Au/C catalysts with different Pt to Au ratios.
The measurements were performed in an oxygen-saturated
0.1 mol dm~* HCIO, solution with a glassy carbon rotating
disk electrode as the working electrode. All Pt@ Au/C catalysts
exhibited higher ORR activity than Pt/C catalysts. At 0.85 V vs.
RHE, the Pt mass activities of ORR in Pt@Au/C catalysts were
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Fig. 2 (A) Comparison of the ORR activities of the commercial Pt/C and
Pt@Au/C catalysts in 0.1 mol dm~* HCIO, for ORR at 2500 rpm, a sweep
rate of 5mV s~ with scanning the potential in the negative direction and at
room temperature. Pt mass activity and total noble metal mass activity of
different electrocatalysts at (B) 0.85 V and (C) 0.90 V vs. RHE.

113.61, 101.22, 94.25 and 55.95 mA mg~'p, for Pt to Au atomic
ratiosof 1 : 2,1 : 1,2 : 1 and 4 : 1, respectively, while the Pt mass
activity of ORR in Pt/C catalysts is only 11.23 mA mg ™ 'p,. The
ORR activities of Pt;@Au,/C catalysts with Pt to Au atomic
ratios of 1 :2, 1:1,2:1 and 4:1 were 10.1, 9.0, 8.3 and
4.9 times that of the Pt/C catalyst (Fig. 2B), respectively. At
0.90 V vs. RHE, the Pt mass activity of ORR for Pt@Au/C
catalysts was 15.9, 15.06, 22.8 and 11.72 mA mg’lpt for Pt to
Au atomic ratios of 1:2, 1:1, 2:1 and 4: 1, and these
values were 6.6, 6.3, 9.5 and 4.9 times that of the Pt/C catalysts
(2.39 mA mg'p,), respectively (Fig. 2C). For the total metal
mass activity, Pt@Au/C catalysts also have better activity
than that of Pt/C catalysts. And the Pt;@Au;/C have highest
total metal mass activity at 0.85 and 0.90 V vs. RHE (Fig. 2B
and C). The remarkably higher activity of ORR in the
Pt@Au/C catalysts is primarily attributed to the electronic
structure effect (strain and ligand effects) of the Au core on the
Pt shell.®*° X-Ray diffraction data (see Fig. S4, ESIT) showed
that the Pt@Au/C catalysts display certain negative shifts in
the diffraction peak as compared to Pt/C catalysts, which
confirms the electronic structure effect of the Au core on the
Pt shell. In addition, the improvement in ORR activity partly
comes from the presence of the SO™; end groups in Nafion,
which can enhance and facilitate the transfer process for
reactive species involved in the ORR (see Fig. S5, ESI¥).

In summary, we have synthesized Pt@Au nanoparticles
using the successive and tunable reduction method, and
investigated the core—shell structure of the nanoparticles.
The Pt@Au catalysts have shown a remarkable enhancement
in ORR compared with Pt/C catalysts, with ORR activities of
Pty@Au,/C and Pt;@Au,/C catalysts of 9.5 and 6.6 times,
respectively, that of the Pt/C catalysts. This enhanced ORR
activity is attributed to the electronic structure effect (strain
and ligand effects) of the Au core on the Pt shell, as well as the
presence of SO™; end groups in Nafion, which can enhance
and facilitate the transfer process of reactive species involved

in the ORR. This novel core—shell structure catalyst allows for
the development of next-generation catalysts with high ORR
activity and low amounts of Pt, with the potential for many
applications beyond fuel cells.
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