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We describe a facile and controllable process for preparing Pd@Pt/
CNT core@shell catalysts for the oxygen reduction reaction (ORR) via
Pd-induced Pt(iv) reduction on Pd/CNT. The mass-specific activity for
the ORR of the Pd@Pt/CNT catalysts is 7-9 times higher than that of
the state-of-the-art Pt/C catalysts, but the yield of H,O,, a harmful
species for the stability of catalysts, of the former is only 14.1% of
that of the latter. The reason for the enhanced activity and the lower
H,O0, yield on the Pd@Pt/CNT catalysts was studied by DFT
calculations.

Introduction

Proton exchange membrane fuel cells (PEMFCs) are considered
to be a promising method for powering electric vehicles. The
Pt/C catalyst remains the state-of-the-art, at least for acid-based
fuel cells, despite many attempts to create a non-Pt catalyst for
low-temperature (<200 °C) air cathodes. However, two draw-
backs of the Pt/C catalyst prevent its commercial application:
the high cost of Pt at the amount currently required,' and its
activity deterioration with use. The deterioration mechanisms
of the Pt/C cathode catalyst can be summarized as follows:*™* (1)
Pt nanoparticles dissolve and subsequently undergo Oswald
ripening; (2) the Pt nanoparticles aggregate driven by surface-
energy minimization; (3) Pt nanoparticles are lost due to
corrosion of the carbon support. Ultimately, the deterioration of
the Pt/C cathode catalyst can largely be attributed to H,O,
species, an intermediate of the oxygen reduction reaction (ORR)
at the cathode. It is currently accepted that H,O, causes Pt
nanoparticles to oxidize and dissolve, with subsequent Oswald
ripening and loss of the carbon support due to corrosion.
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Therefore, a catalyst with low Pt usage and reduced H,O,
production must be developed before the commercialization of
PEMFCs becomes possible. Many studies have attempted to
reduce the H,0, production of the ORR.*® The use of transition
metals, such as Fe, Co, Ni and Cu,*** and noble metals,
including Au, Ag, Ru and Pd, has been reported in Pt-based
bimetallic catalysts, among which Pt-Pd catalysts exhibit the
best activity for the ORR.™*® Pd-Pt bimetallic nano-dendrites
reportedly exhibit 2.5 times higher activity for the ORR than the
state-of-the-art Pt/C catalyst.””° A promising approach involves
creating an alloy of Pt with Pd using a sequential synthesis
method and/or co-reduction, etc.>*>* Another approach involves
varying the shape and morphology of the Pt-Pd bimetallic
nanocomposites.”**® Core@shell or core@shell-like bimetallic
catalysts provide a wide range of possibilities by substituting
either the core metal or a portion of the Pt monolayer shell with
Pd."?* Adzic et al. reported a series of studies on the ORR
activity of Pd-Pt monolayer core@shell catalysts which were
synthesized via Cu underpotential deposition followed by
galvanic displacement of the Cu adatoms.'****° The Pt mass-
specific ORR activity of the Pd(core)-Pt(shell)/C was reportedly
5-8 times higher than that of the Pt/C catalyst.>* However, the
current procedure for fabricating core@shell catalysts is
complicated and time consuming. In particular, the under-
potential deposition (UPD) technique is not easy to handle. In
fact, the UPD technique only works on an electrode, not on
discrete catalyst support particles.>** Thus, the UPD technique
cannot be applied for mass production.

In this work, we used a unique approach of Pt self-reduction
catalyzed by Pd previously deposited on carbon nanotubes
(CNTs) to synthesize a PA@Pt/CNT core@shell catalyst. The
present synthetic method provides a convenient and environ-
mentally benign route to the large-scale production of Pd@Pt/
CNT core@shell catalysts because it does not require an elec-
trochemical UPD technique. Density functional theory (DFT)
calculations validate the finding that the Pd@Pt/CNT shows
improved catalysis of the ORR and produces less H,O, than the
conventional Pt/C catalysts given the adsorption energy of all
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oxygen-containing species and the barrier energy of HO-O bond
dissociation. The ORR activity of the Pd@Pt/CNT catalysts was
enhanced by weakening the adsorption of the oxygen-contain-
ing species and by weakening the HO-O bond strength more
than that of the pure metallic catalysts Pt/CNT and Pd/CNT.

Results and discussion

To improve the Pd dispersity and stability on the CNTs, the
CNTs were functionalized with thiol groups according to our
previous report.**** CNTs have abundant free-flowing m elec-
trons, which make them potential reductants for reactions that
require electrons. As long as an energy difference is maintained
for the electrons between the CNT and the Pt*" jons, electrons
are spontaneously transferred from the CNT to the Pt*" ions,
which leads to a reduction of the Pt'* ions. In general, Pt*" ions
may be reduced at any site on a CNT. However, the Pt*" ions may
be preferentially reduced around Pd particles due to the cata-
lytic action of the Pd. Therefore, the PA@Pt/CNT catalysts were
formed according to the schematic diagram in Fig. 1. The
synthesis of Pd/CNT was readily achieved using sodium boro-
hydride and trisodium citrate as a reducing reagent and a
protective stabilizer, respectively. The Pd particles, previously
reduced on thiolated CNT, were used as seeds and catalysts for
Pt deposition and growth, and therefore prevented the Pt
deposits from being randomly distributed along the entire CNT.
The as-prepared Pd/CNT was immersed into a H,PtCls solution
without any reducing reagent. The Pt** ions were reduced by the
electrons from the CNT with Pd catalysis. Thus, the Pt NPs were
preferentially deposited around the Pd NPs. The Pt shell was
modulated by the content of the H,PtClg solution. The Fermi
level for an electron in the PtClg>~ /Pt redox couple is 0.74 eV,
but it is +0.5 eV in the CNT.?*° Therefore, an electron can transfer
from the CNT to the PtClg> /Pt redox pair. The Pd@Pt/CNT
structures were finally obtained, and the Pd@Pt/CNT catalyst
prepared with a Pd:Pt atomic ratio of n:m is labelled
Pd,@Pt,,/CNT. The real ratios of Pd : Pt in the final products
was determined via inductively coupled plasma atomic emis-
sion spectroscopy (ICP-AES), which are in good agreement
with the designated values, as shown in Table S1.f This
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Fig. 1 (a) The formation of Pd/CNT, and (b) the synthesis of Pd@Pt/CNTs.
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means the reduction of Pt*" and Pd*" ions is complete in the
designed method.

The synthesized Pd,@Pt,/CNT, Pd,@Pt;/CNT, and Pd/CNT
catalysts were characterized via XRD as shown in Fig. S1.7 The
crystallographic analysis of the Pd/CNT revealed three peaks,
corresponding to the (111), (200), and (220) reflections of face-
centered cubic palladium (Fm3m, JCPDS no. 46-1043). The XRD
peaks of Pd,@Pt;/CNT and Pd,@Pt;/CNT appear between those
of the pure Pd and Pt metals. In the Pd,-Pt,/CNT, as the Pt
content increases the XRD peaks begin to deviate from those of
the pure Pd to those of the pure Pt [Fm3m, JCPDS no. 04-0802].
Belonging to the same elemental group, Pt and Pd share similar
XRD characteristics. The particle sizes of the catalysts estimated
by the Scherrer equation were 4.6 and 3.6 nm for Pd,@Pt;/CNT
and Pd/CNT, respectively, which are in agreement with the
average particle sizes estimated via TEM.

Fig. S2t shows the typical TEM images of the (a) Pd/CNT and
(b) Pd,@Pt;/CNT. The as-prepared Pd/CNT (Fig. S2af) and
Pd,@Pt,/CNT (Fig. S2bt) are relatively uniform with average
diameters of 3.6 and 4.6 nm, respectively. The HRTEM image of
the Pd,@Pt;/CNT is shown in Fig. S2cf and clearly indicates a
core@shell structure with interplanar spacings of 0.194 and
0.225 nm for the Pd core. The measured interplanar spacing of
the Pt shell lattice was 0.223 nm, which corresponds to the (111)
lattice plane of face-centered cubic (fcc) Pt. The fast Fourier
transform (FFT) pattern (Fig. S2d}) of the HRTEM image
(Fig. S2c,t the ring portions) indicates that the electron
diffraction ring was ascribed to Pt with the lattice planes (200),
(111), (220), (311) and (331).

The elemental distributions of Pd,@Pt;/CNT were analyzed
via high-angle annular dark field scanning TEM (HAADF-STEM)
(Fig. 2a and b). The elemental map clearly indicates that the Pd
(presented in red) is either neighboring (site (1)) or covered by
(site (2)) the Pt (presented in orange). A portion of the Pt can
also be reduced at site (3), at which position no Pd was previ-
ously deposited. Obviously, the reduction of the Pt ions occurs
preferentially around the Pd particles. The dendritic growth of
the Pt shell can likely be attributed to the higher rate of Pt
growth on the Pt surface than on the Pd due to the lower acti-
vation energy for the growth of Pt on Pt than that on other metal

This journal is © The Royal Society of Chemistry 2013
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STEM HAADF Detector

Fig. 2 HAADF-STEM mapping images of the Pd,@Pt;/CNTs (a and b). The cross-sectional compositional line profiles of (c) Pd-L, (d) Pt-M, and (e) the overlap of the

Pd-L (c) and Pt-M (d).

substrates.****° These results are in agreement with the previous
observation of Pt deposition on Pd crystals.”® The surface was
found to be composed of Pt islands with exposed bare Pd
surfaces. Fortunately, a Pt crystal with a dendritic structure is
more conducive to the catalysis of the ORR than that with a
spherical structure.™

After the Pd/CNT and CNT samples were immersed in a
H,PtCls solution, separately, 2 mL of the suspension was
removed every hour to determine the Pt(v) content via UV
spectrophotometry. The results are presented in Fig. S3.1 The
Pt** ion content remaining in the H,PtClg solution containing
Pd/CNT decreased more rapidly than that with the CNT,
indicating that although a reduction of the Pt*" ions can
spontaneously occur on the CNT, it can be accelerated by the
presence of Pd.

The performance of the Pd@Pt/CNT is presented in Fig. 3
together with those of Pt/C (John-Matthew Co., UK) and Pd/CNT
for comparison, and the half-wave potentials of the ORR and the
H,O0, yield are listed in Table 1.

Fig. 3 and Table 1 demonstrate that the three electrodes
made from Pd@Pt/CNT bimetallic nanocatalysts display a more
positive ORR onset and half-wave potential with smaller H,0,
yields than the state-of-the-art Pt/C catalysts, indicating
improved catalytic performance for a four-electron reduction of
the ORR. To evaluate the intrinsic activity of the Pd@Pt/CNT
samples, the kinetic current at 0.9 V was normalized to the
loading quantity of the metals (Pt and/or Pd) to compare the
mass activity (MA) of the various catalysts, as shown in Fig. S4.1
Of the five samples, the Pd,@Pt;/CNT exhibits the highest MA,
followed by Pd,@Pt;/CNT and then Pdg@Pt,;/CNT; the Pd/CNT
catalyst was the lowest. If only the Pt mass is taken into account,
the MA of the Pd,@Pt,/CNT (1.98 A mgp, ') is 9 times higher
than that of the state-of-the-art Pt/C catalyst.

This journal is © The Royal Society of Chemistry 2013

Although the Pd/CNT exhibits the lowest activity for the ORR,
as indicated by the highest H,0, yield and the most negative
half-wave potential, the Pd@Pt/CNTs, especially Pd,@Pt;/CNT,
exhibit enhanced catalysis for the ORR, exceeding that of the
state-of-the-art Pt/C catalysts. As previously mentioned, the Pd
core may be not completely overlapped by the Pt shell in the
Pd@Pt/CNT. Some of the Pd core could be exposed to the
exterior, in which case, a synergistic catalysis of the Pt and Pd
for the ORR may occur for the Pd@Pt/CNT. To clarify the
mechanism behind this phenomenon, density functional
theory (DFT) calculations were performed using the DMol3

25

2.04 o ——Pd,@Pt,/CNT
2 15l — \\ ———Pd,@Pt /CNT
o ——Pd,@Pt/CNT
T 1.0 \ ~—JM PUC

\ c——
054 \_“__Q\b\'\t Pd/CNT
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-1
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Fig. 3 ORR polarization plots (bottom) and the H,O, yield plots (top) measured
on the Pd,@Pt,,/CNT, Pd/CNTand Pt/C-coated RRDE in O,-saturated 0.1 M HCIO4
at 25 °C with an RRDE rotation rate of 1600 rpm, a voltage sweep rate of 10 mV
s~! and a ring potential fixed at 0.8 V for collecting H,0, with further current
reductions. The ring and disk areas are 0.126 and 0.19625 cm?, respectively. The
collection efficiency of the RRDE is 37%. The Pt and Pd loadings on the RRDE for
the Pd,@Pt,,/CNT, JM-Pt/C and Pd/CNT are 10.2 pg cm~2.
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Table 1 The half-wave potential of the ORR and H,0, yield on the RRDE cata-
lyzed by Pt/C, Pd/CNT and Pd@Pt/CNT

Half-wave potential H,0, yield
Catalyst (\%] (%)
Pt/C 0.795 1.05
Pd/CNT 0.715 1.77
Pd,@Pt,/CNT 0.867 0.583
Pd,@Pt,/CNT 0.833 0.295
Pd;@Pt,/CNT 0.822 0.148

Table 2 The adsorption energy and bond length of the oxygen-containing
species on pure Pt and Pd and on the near-surface PtPd alloy

Pure metal Near-surface alloy
Calculated parameters Pt Pd Pt;Pd PtPd Pd;Pt
AEy00 (eV) 1.22 1.31 0.97 1.33 1.42
AEo, (eV) 1.21 1.78 0.61 0.77 0.70
AE, (eV) 3.60 3.61 3.37 3.39 3.53
dio-o (A) 1.34 1.46 1.44 1.41 1.47
doo (A) 1.35 1.33 1.36 1.37 1.36

22 )z%:z}s\kj/mol

A E= -41.%&.1@0

J/mol

=29.
3

A E=-38.58 k]/mol

Fig.4 The dissociation energy of the HOO* species on pure Pt and Pd and on the
near-surface PdsPt alloy.

software package. We used a PdPt near-surface alloy to simulate
the Pd@Pt/CNTs, in which a 4 x 4 unit cell with three-layer slab
models were periodically repeated within the supercell geom-
etry containing five equivalent vacuum layers between any two
successive metal slabs.***' The Pd atoms in the bottom layer
were fixed/frozen, and the Pd atoms in the middle layer and the
Pd and Pt atoms in the top layer were relaxed, as indicated in
Fig. S5.1** It has been proven that the effect of frozen layers on

14446 | J. Mater. Chem. A, 2013, 1, 14443-14448
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surface chemisorption energies is limited.”® Moreover, the
relative efficiency has been improved and costs have been
reduced by freezing the atoms in bottom layers. For single
metallic Pt and Pd catalysts, all three layers consist of Pt atoms
or Pd atoms only. The DFT semi-core pseudopotential approx-
imation was used to replace the core electrons with a single
effective potential to reduce the computational cost.** Double
numerical plus polarization (DNP) basis sets were employed for
the valance orbitals.***® The exchange correlation contributions
were treated using the generalized gradient approximation with
the PW91 formulation.”

Two paths exist in the ORR: an incomplete O, reduction by a
2 electron transfer reaction producing H,0,, and a complete O,
reduction by a 4 electron transfer reaction resulting in H,O as
follows:**->¢

0, — 0,* 1)

0,*+ H' + e~ —» HOO* (2)

HOO* + H" + ¢~ — H,0, (3)

HOO* — HO---O* — HO* + O* (4)
HOO* + H* — HOOH — HO---OH — 2HO* (5)
O*+ H" —» HO* (6)

HO*+ H" + e~ — H,0 7)

Obviously, the O-O bond dissociation determines the final
product, either H,O, or H,0. A good catalyst for the ORR should
have suitable binding energies for various oxygen-containing
species, such as HOOH*, O,*, HOO*, HO* and O*. Despite the
lack of a consensus regarding the ORR mechanism, the route
must involve both the breaking of the O-O bond (regardless of
whether O,, OOH, or HOOH is involved) and the formation of
an O-H bond. An active surface should contain a proper d-band
center, &q. A surface characterized by a higher-lying ¢4 tends to
bind adsorbates more strongly, thereby enhancing the kinetics
of any bond-dissociation reactions. In contrast, a surface with a
lower-lying ¢4 tends to bind adsorbates more weakly, facilitating
the desorption of adsorbates and their release from the active
sites.®® Thus, the most active surface should have an interme-
diate ¢4 value. The currently accepted view states that the
adsorption of oxygen atoms on a Pt surface is too strong and
inhibits the desorption of the O* species, thus hindering the
ORR as indicated in Table 2. According to the model proposed
by Stamenkovic et al.,>® the best catalyst should bind oxygen
more weakly than pure Pt by 0.2 eV. Table 2 indicates that the
O* adsorption energies on the near-surface PtPd and Pt;Pd
alloys are approximately 0.2 eV lower than that on pure Pt.

This result partly explains why the Pd@Pt/CNTs are better
catalysts for the ORR than pure Pt or Pd. In addition, the O-O
bond length in HOO* is more elongated on the near-surface
PtPd alloys than on pure Pt. The barrier energy of O-O bond
cleavage in HOO* on the near-surface PtPd alloys (12.66 kJ
mol ) is much smaller that on pure Pt (21.63 k] mol ) or Pd

This journal is © The Royal Society of Chemistry 2013


http://dx.doi.org/10.1039/c3ta13139d

Published on 27 September 2013. Downloaded by Institute of Chemistry, CAS on 25/12/2013 09:06:03.

(29.30 kJ mol™"), as shown in Fig. 4. Thus, the O-O bond in
HOO* is more easily dissociated on the near-surface PtPd alloys
than on the pure Pt or Pd. The results of the calculations are in
good agreement with experimental values, and -effectively
explain why the H,0, yield in the O, reduction reaction on
Pd@Pt/CNT is much smaller than that on pure Pt or Pd. We
chose Pd;Pt as a representative for all near-surface alloys,
because on this alloy HOO* has the same adsorption pattern as
those on pure Pt and Pd. Therefore, the comparison is valid.

Conclusions

In summary, we developed a facile method for synthesizing
Pd@Pt/CNT bimetallic or core@shell catalysts to catalyze the O,
reduction reaction. The results indicate that the mass-specific
activity of the PdA@Pt/CNT catalysts is 7-9 times higher than that
of the state-of-the-art Pt/C catalysts. In addition, the H,0, yield
is deceased by 85.9% on the PdA@Pt/CNT catalysts over that on
the Pt/C catalysts from 1.05% (Pt/C) to 0.148% (Pd@Pt/CNT).
The DFT calculations utilize the adsorption energy of all oxygen-
containing species and the barrier energy of HO-O bond
dissociation to explain why the PA@Pt/CNT catalysts are able to
improve the catalysis of the ORR with less H,O, production
while using less Pt than the Pt/C catalysts. The excellent catal-
ysis of the PdA@Pt/CNT was ascribed to the synergistic function
of Pt and Pd towards the ORR. The increased catalytic activity of
the Pd@Pt/CNT is likely attributable to the weakened binding
energy of the O* on pure Pt in the presence of Pd, which
decreases the binding energy of the O* on Pd@Pt/CNT to within
the optimum range for an ideal ORR catalyst. The synthetic
protocols described in this work provide unique opportunities
for material design and could be applied to new materials for
ORR catalysis.
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