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Star-shaped Pd@Pt core—shell catalysts supported on
reduced graphene oxide with superior electrocatalytic
performance
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DOI: 10.1039/x0xx00000x Reduced graphene oxide (RGO)-supported bimetallic Pd—Pt nanostructures with core—shell

Pd@Pt (Pd@Pt/RGO) and alloyed PdPt (PdPt/RGO) were prepared by a one-pot reduction
approach using L-ascorbic acid for the reduction of both the metal precursors and the
graphene oxide supports. Scanning electron microscopy (SEM), transmission electron
microscopy (TEM), high-resolution TEM (HR-TEM), and Raman spectroscopy revealed that
the three-dimensionally shaped Pd—Pt nanostructures were uniformly deposited onto the
reduced graphene oxide surface. The RGO-supported core—shell Pd@Pt and alloyed PdPt
catalysts were confirmed and investigated by high-angle annular dark-field scanning TEM
(HADDF-STEM) with energy-dispersive X-ray spectroscopy (EDX) in addition to X-ray
diffraction (XRD), X-ray photoelectron spectroscopy (XPS), X-ray absorption spectroscopy
(XAS), and cyclic voltammetry (CV). With the synergetic effects of the binary Pd—Pt system
and the RGO support, these catalysts exhibited considerably enhanced catalytic activities
and stabilities for the oxidation of methanol in an alkaline solution compared to
monometallic Pt/RGO and commercially available carbon-supported Pt (Pt/C) catalysts. The
star-shaped core—shell Pd@Pt/RGO catalysts exhibited the greatest improvement in
electrocatalytic performance in terms of current density, onset potential, stability, and
charge transfer rate.

www.rsc.org/

oxidation. In particular, Pd@Pt core—shell nanostructures have
recently attracted attention because they can exhibit better

Introduction

Direct methanol fuel cells (DMFCs) are considered to be a
promising energy source for portable electronics, with the
advantages of a high energy density (6100 Wh kg™), easy
handling of liquid fuels, low operating temperatures, and simple
system design.! More recently, research interest in alkaline
DMFCs that employ anion-exchange membranes has increased
due to their facilitated kinetics for electrode reactions in
alkaline media as compared to those in acidic media.? Currently,
platinum (Pt) has been accepted as the most active catalyst for
methanol electrooxidation in both acid and alkaline DMFCs.
However, the high cost of Pt and poisoning of the Pt surface via
strong adsorption of CO or intermediate species generated
during the methanol oxidation reaction (MOR) are the major
impediments to the successful application of DMFCs.

To improve the catalytic performance of Pt and to reduce
the amount of Pt used, bimetallic catalysts in the forms of
alloys and core—shell structures have been fabricated.3-1°
Among the various metals investigated, palladium (Pd) is not
only much less expensive than pure Pt, but Pd itself also
exhibits potentially high catalytic activity with good resistance
to CO poisoning, especially during alcohol oxidation in alkaline
media.1>*? In this regard, Pd—Pt bimetallic nanostructures could
be a promising efficient binary electrocatalyst for methanol
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catalytic performance than pure Pt even though a much smaller
amount of Pt is used.3-16

The ability to control and change the shape and morphology
of bimetallic nanostructure catalysts can provide an effective
approach to the development of highly active electrocatalysts
because it could change the crystallographic facets exposed on
the surface; the exposed crystallographic facets strongly affect
the catalytic properties of the bimetallic nanostructures, which
are largely dependent on their surface structure and surface
composition.’” Numerous literature studies have reported that
the electrocatalytic activities and stabilities can be enhanced
through manipulation of the morphology of nanostructures such
as nanocubes,®2° nanocages,?* nanowires,???® nanotubes,?6-28
nanoframes,?® dendrites,3%-32 or porous nanostructures.333*

The catalyst supports also play critical roles in determining
the catalytic activity and stability. Graphene, as a two-
dimensional atomic layer of carbon, has emerged as a new class
of catalyst support material for dispersed metal/metal oxide
nanoparticles because of its high specific surface area
(theoretically, 2630 m? g, high electrical conductivity (103-
10* S m?), good chemical/thermal stability, and strong
adhesion to metal/metal oxide nanoparticles.3>3¢ These unique
properties are adequate to improve the dispersion of nano-sized
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electrocatalysts, facilitate charge transport at the electrode
surface, and maintain a stable catalyst structure. Moreover,
graphenes, when doped by other heteroatoms like boron®” and
nitrogen3-4, were used as metal-free electrocatalysts. In
general, graphene supports can be prepared in large quantities
through the oxidative exfoliation of common graphite to
graphene oxide (GO) and the subsequent chemical/thermal
reduction of GO to reduced graphene oxide (RGO).**2 Two
reduction routes for the preparation of metal/RGO composites
exist: the reduction of metal salts supported on the as-prepared
RGO (or graphene) and co-reduction of metal salts and GO in a
one-pot manner. From the viewpoint of simplicity, the latter
method appears to be more attractive. Recent studies have
demonstrated that L-ascorbic acid (AA) is an effective and
environmentally benign reductant for such simultaneous
reduction of the metal salts and GO to form metal/RGO
composites.*>44 With respect to this strategy, however, the
literature contains few reports on the decoration of core—shell
Pd@Pt and alloy PdPt nanoparticles on the surface of RGO via
a surfactant-free one-pot route for their application as MOR
catalysts in alkaline environments.

In this work, RGO-supported bimetallic Pd-Pt
nanostructures with different core-shell (Pd@Pt/RGO) and
alloy (PdPt/RGO) structures were prepared via a simple,
surfactantless, one-pot synthetic route. For comparison purpose,
RGO-supported monometallic Pt (Pt/RGO) was also prepared
using the same method. AA was used as a co-reducing agent for
both the metal precursors and the GO. Notably, no surfactants
were used in the preparation procedure described in this work.
Surfactants, which are typically used for tuning the shapes of
metal nanostructures in solution, can deleteriously affect the
electrocatalytic performance of nanostructures. Interestingly, in
the absence of surfactants, different shapes of clustered
nanostructures (i.e., star-shaped Pd@Pt core—shell and alloyed
PdPt) or nanoparticle (i.e., Pt nanoparticles) were produced on
the RGO sheets under the experimental synthesis conditions.
The physicochemical and electrochemical characteristics of the
prepared nanocomposites were systematically investigated. The
synthesized RGO-supported nanostructures exhibited better
catalytic activity toward MOR in an alkaline medium than did
the commercial C-supported Pt nanoparticles (Pt/C), and the
Pd@Pt/RGO exhibited the highest electrocatalytic activity and
stability among the investigated catalysts.

Experimental

Chemicals

Palladium(ll) chloride (PdClz, 99.0%, Kojima Chemicals, Japan),
potassium tetrachloroplatinate(ll) (K2PtClas, 98%, Sigma-Aldrich), L-
ascorbic acid (CsHsOs, 99+%, Sigma-Aldrich), deionized water (DI
water, 18 MQecm, Millipore), sodium hydroxide (NaOH, Samchun
Pure Chemical), graphite (Carbonix, Korea), Pt/C (20 wt%, Alfar
Aesar), methanol (HPLC grade, Fischer Scientific Korea), and
ethanol (HPLC grade, Fischer Scientific Korea) were purchased
from the specified suppliers and were used as received without
further purification.

Synthesis of RGO supported Pd@Pt,
electrocatalysts

Graphite oxide was synthesized from natural graphite by the
modified Hummers and Offeman method.*® The synthesized
graphite oxide was dispersed in DI water (2 mgeml?) and
ultrasonicated for 30 min to obtain exfoliated GO. For a typical
synthesis of PdA@Pt/RGO, PdCl: (8.4 mg in 4 ml DI water) was

PdPt, and Pt
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first added to 20 ml of the dispersed GO solution. Then, 1 ml of
5 M NaOH solution and AA (500 mg in 5 ml DI) were added,
and the mixture was aged for 24 h at room temperature.
Subsequently, K2PtCls (10.6 mg in 4 ml DI water) was added;
the mixture was heated at 90 °C for 1 h and then allowed to
cool to room temperature. The resulting dispersion was
separated and purified with water and ethanol by centrifugation
and was dried via the freeze-drying method to minimize
aggregation of RGO sheets.

For the synthesis of PdPt/RGO and Pt/RGO, the mixture of
K2PtCls (10.6 mg in 4 ml DI water) and PdCl2 (8.4 mg in 4 ml
DI water) or K2PtCls (21.2 mg in 8 ml DI water) were added to
20 ml of the dispersed GO solution, respectively. The resulting
solution was then treated using the same procedures used in the
synthesis of PA@Pt/RGO.

Materials characterization

SEM images of as-produced samples were obtained using a
JEOL-JSN7500F operated at 5 kV. HRTEM images, HAADF-
STEM images, elemental mapping, and EDX analysis were
performed using a Tecnai G2F30 microscope operated at 200
kV. The compositions (metal loading and element ratio) of
RGO supported catalysts were measured by inductively
coupled plasma emission spectrometry (ICP-AES, Perkin
Elmer) and thermogravimetric analyzer (TGA, TGA-50H,
Shimadazu). To investigate crystallographic structures of the
samples, powder XRD was conducted on a Rigaku Rotaflex
(Ru-200B) X-ray diffractometer equipped with a Ni filter and a
Cu Ka (A = 1.5405 A) radiation source operated at 40 kV and
100 mA. Raman spectra were collected on a RENISHAW inVia
Raman microscope with 514 nm Ar™* laser excitation. The XPS
was performed on a MULTILAB 2000 system equipped with a
monochromatic Al Ka X-ray source (E = 1486.6 eV). The
binding energy of the C 1s peak at 284.6 eV was taken as an
internal standard. XAS measurements, including the X-ray
absorption near edge spectra (XANES) and extended X-ray
absorption fine structure (EXAFS), were carried out on 7D
beamline of the Pohang Accelerator Laboratory (PLS-II, 3.0
GeV, Korea) using a Si (111) double crystal monochromator.
The spectra were measured at room temperature in a
transmission mode for the L3 edge of Pt (11564 eV) and K edge
of Pd (24350 eV) under the ambient condition. Energy
calibration was performed using a standard metal foil. The XAS
data were processed and analyzed following those described in
detail elsewhere**6 with the IFEFFIT software package
(ATHENA and ARTEMIS programs).*” The data from Pt Ls
and Pd K edges for bimetallic Pd-Pt catalysts (i.e., PAPt/RGO
and Pd@Pt/RGO) were fitted simultaneously by constraining
the interatomic distance (R) of Ret-pd = Rpd-pt, the Debye—Waller
factor (o?) of o?prd = o?pa-pt, and the coordination number (N)
Npt-pd = (Xprd/Xpt)Npa-pt, Where Xpd/Xpt is the molar ratio of Pd
to Pt in the nanoparticles, and Ra-s, 6%a-8,and Na-s is the R, 62,
and N of atom B around A, respectively. The parameters of
amplitude reduction factors (So?) were set to the values of 0.862
(Pt Ls edge) and 0.802 (Pd K edge) determined from fitting the
corresponding metal foils. Only the k range of 3— 13 A-1and R
range of 1.8 — 3.1 A were fitted on k3 weighted EXAFS data
with the first-shell single scattering paths.

Electrochemical measurements

All electrochemical tests were performed at room temperature
in a standard three-electrode cell connected to a Solartron
Analytical instrument (AMETEK model 1470E). A Pt wire was
used as the counter electrode, and a saturated calomel electrode

This journal is © The Royal Society of Chemistry 2012
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(SCE) was used as a reference electrode. The working electrode
was fabricated on a glassy carbon electrode with a diameter of
3 mm. To prepare catalyst inks, each catalyst was suspended in
ethanol and sonicated for 30 min. Next, 5 ul of the catalyst ink
(A mg mlY) was dropped by a micropipette onto the glassy
carbon surface. After the catalyst was loaded, the working
electrode was dried at room temperature to remove the ethanol.
Cyeclic voltammetry (CV) curves were collected in the potential
window between —0.95 and 0.25 V at a scan rate of 50 mV s
in an N2-purged 0.5 M NaOH or 0.5 M methanol + 0.5 M
NaOH electrolyte solution. Chronoamperometry (CA) of each
sample was performed for up to 3600 seconds at a fixed voltage
of —0.25 V. Electrochemical impedance spectroscopy (EIS)
measurements were recorded in a frequency range from 10 kHz
to 1 Hz with AC amplitude of 5 mV.

Results and discussion

The synthetic routes for the preparation of various metal/RGO
composites are summarized in Scheme 1. To prepare core—shell
Pd@Pt on RGO, GO and Pd?* in an aqueous mixture were first
reduced using AA as a reductant to form Pd/RGO composites,
and Pt** was subsequently added to grow a Pt shell layer on the
surface of the pre-formed Pd nanocrystals. Interestingly, the Pd
nanocrystals that formed on RGO exhibited a star-shaped
morphology, with several dendritic branches, and the shape of
the core—shell Pd@Pt particles was similar to the shape of the
Pd particles. Generally, the growth of metal nanoparticles
involves nucleation followed by ripening of the small cluster.
Based on the previous literatures'*4849 plausible growth
process for star-shaped Pd/RGO can be proposed. At the initial
stage of reaction, nucleation of Pd occurs and small Pd nuclei
are formed on GO, followed by evolution of these small Pd
nuclei to larger primary Pd nanocrystals, and finally converted
into star-shaped Pd nanostructures by Ostwald ripening. It was
reported that AA might promote the formation of branched
nanocrystals®®-%2, The pH value also can influence the
nucleation and growth kinetics of the metal nanoparticles. For
instance, a higher pH value was found to decrease the reduction
rate. For star-shaped Pd@Pt/RGO, the pre-formed Pd clusters
on RGO were used as seeds to generate core-shell
nanostructures with Pt shells through successive overgrowth.
The close matching between the lattice parameter of Pt and Pd
and the slow reduction rate associated with the mild reduction
ability of AA played a key role in achieving the epitaxial
growth of Pt shells on Pd seeds.>® However, simultaneous
reduction of Pd?* and Pt** produced foam-like PdPt alloy
structures on RGO. When the Pt?>* was used alone without a Pd
source, small Pt nanoparticles were formed on RGO. Different
reduction rates of the metal precursors may play a certain role
in the different structural evolution of the particles.>

The morphology of the GO, Pd@Pt/RGO, PdPt/RGO, and
Pt/RGO was examined using SEM (Figure S1 in ESI).
Crumpled sheet-like morphology of GO and RGO can be
observed in all of the samples. No nanoparticles were observed
at the surface of GO. However, well-distributed nanoparticles
were observed in the samples of Pd@Pt/RGO, PdPt/RGO, and
Pt/RGO.

TEM images (Figures S2A-B) of the Pd/RGO sample,
which was used as the seed for Pd@Pt/RGO, revealed that Pd
particles consisted of star-shaped clusters with an average size
of 22.3 £ 3.2 nm that are composed of 5-7 primary Pd grains.
The HRTEM image of individual Pd branches shows their
single-crystalline structure (Figure S2C), and the EDX

This journal is © The Royal Society of Chemistry 2012
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Scheme 1. Schematic illustration of the synthesis procedure for Pd@Pt/RGO,
PdPt/RGO, and Pt/RGO with different morphologies.

spectrum reveals that they are mainly composed of pure Pd
(Figure S2D). Copper peaks in the EDX spectrum originated
from the copper TEM grid.

Figures 1A-B show TEM images of the Pd@Pt core—shell
particles supported on an RGO sheet at different magnifications.
The sizes of the Pd@Pt particles are distributed from
approximately 15 to 35 nm, with an average size of 25.9 + 3.4
nm. The individual particle has a star-like morphology, as
shown in Figure 1C. The HRTEM image of Pd@Pt/RGO in
Figure 1D shows that the Pd@Pt particles are highly
crystallized, as indicated by the well-defined fringe pattern. The
corresponding FFT pattern indicates that the individual branch
is composed of single nanocrystals (inset of Figure 1D). The
interplanar spacing calculated from the FFT analysis of
HRTEM image was 2.25 A, which corresponds to that of the
(111) plane of face-centered-cubic (fcc) Pt. The EDX analysis
confirms the presence of both Pd and Pt in the Pd@Pt core—
shell nanoparticles (Figure 1E). The bulk atomic ratio of the
Pd:Pt was measured to be 66:34, which is close to the ratio of
metal precursors originally added (65:35) and also consistent
with the ICP-AES results (69:31). The weight percentages of C,
Pd, and Pt confirmed by ICP-AES analysis are 79.57, 11.30,
and 9.13%, respectively. The HAADF-STEM image of a single
Pd@Pt particle and the corresponding elemental maps reveal
that Pd could only be found in the core region, whereas Pt was
distributed throughout the entire particle, which suggests a
core—shell structure (Figure 1F).

Figures 2A-B shows TEM images of PdPt alloy particles on
the RGO sheets, and Figure 2C shows that the individual
particle has a spherical foam-like morphology with a size of
approximately 23.0 £+ 3.5 nm. The PdPt particles appear to
compose numerous single crystals, as evident in the HRTEM
image and the corresponding FFT pattern in Figure 2D and the
inset of Figure 2D, respectively. The interplanar spacing
between adjacent lattice fringes was 2.23 A, corresponding
(111) plane of PdPt alloy. It should be noted that the interplanar
spacing of PdPt/RGO was smaller than that of Pd@Pt/RGO,
which could be due to the lattice contraction from the alloy
formation. The EDX spectrum in Figure 2E shows that both Pd
and Pt are present that the bulk Pd:Pt atomic ratio is ca. 64:36,
which is also approximately consistent with the metal precursor
ratio originally added (65:35) and the results of the ICP-AES
analysis (67:33). The weight percentages of C, Pd, and Pt
confirmed by ICP-AES analysis were 78.89, 11.21, and 9.9%,
respectively. The elemental maps collected in HAADF-STEM
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Figure 1. (A-B) TEM images of Pd@Pt/RGO at different magnifications, (C-
D) an HR-TEM image of individual Pd@Pt particles on RGO, (E) an EDX
spectrum of PA@Pt/RGO, (F) HAADF-STEM images of Pd@Pt/RGO and
corresponding elemental maps of Pd and Pt. The inset in (D) shows the FFT
pattern of the HRTEM image.

mode reveal that both Pd and Pt are evenly distributed within
the particle, which suggests that a homogeneous alloy structure
of PdPt is formed on the RGO (Figure 2F).

RGO-supported monometallic Pt was also prepared using
the same synthesis conditions described in the experimental
section, and the product was characterized by TEM, HRTEM
and EDX analyses (Figure S3). Spherical shapes of Pt
nanoparticles with a small size of ca. 3.0 £ 0.6 nm were finely
dispersed on the surface of the RGO sheets (Figures S3A-B).
The HRTEM image and EDX spectra of the Pt nanoparticles

indicate that they are single crystals of pure Pt (Figures S3C-D).

To quantify the metal loading on the RGO support, TGA
analysis was carried out under air atmosphere as shown in
Figure S4. On the basis of TGA analysis, the metal loadings of
the P/RGO, PdPt/RGO, and Pd@Pt/RGO catalysts were 22.5,
23.6, and 23.3 wt%, respectively, indicating that the RGO-
supported catalysts used in this experiments have similar
amount of metal loading.

XRD patterns of GO, Pt/RGO, PdPt/RGO, and PA@Pt/RGO
are displayed in Figure 3A. The intense peak centered at 10.9°
corresponds to the (002) plane and the peak at 42.5°
corresponds to the (001) plane of GO. The broad peak appeared
around 23° suggests the presence of unoxidized graphitic

4| J. Name., 2012, 00, 1-3
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Figure 2. (A-B) TEM images of PdPt/RGO at different magnifications, (C-D)
an HR-TEM image of an individual PdPt particle on RGO, (E) the EDX
spectrum of PdPt/RGO, (F) HAADF-STEM images of PdPt/RGO and the
corresponding elemental maps of Pd and Pt. The inset in (D) shows the FFT
pattern of the HRTEM image.

domains®® and amorphous carbon phase®. After chemical
reduction by AA to produce the RGO-supported catalysts, the
sharp diffraction peak of GO at 10.9° disappeared in the XRD
patterns, implying partial removal of the oxygen functional
groups.5” In the XRD patterns of RGO-supported catalysts, the
first broad peak located at ca. 21.5° is attributed to the (002)
plane of the hexagonal structure of reduced graphene oxide.
The other characteristic peaks exhibit the fcc lattice structure of
Pt and Pd, corresponding to the (111), (200), and (220) planes.
Owing to the similarity of crystalline structures between Pd and
Pt (lattice mismatch ratio of Pd/Pt is only 0.77%), the
difference in the XRD patterns for Pd and Pt is not distinct. The
diffraction peaks of PdPt/RGO exhibit a little shift to higher
value as compared to that of Pt/RGO. For instance, the (111)
peak from the Pt/RGO locates at 39.6°, whereas the
corresponding peak from the PdPt/RGO shifts to 40.0°,
indicating the decrease in lattice constant. The decrease of
lattice constant can be ascribed to the substitution of Pt with Pd,
leading to the contraction of the fcc lattice. The (111)
diffraction peak of PAPt/RGO appears at a slightly higher angle
than that of PA@Pt/RGO (39.8°), which indicates a difference
in the extent of alloying and/or in the structures.5®%° The
average crystallite sizes can be calculated on the basis of the

This journal is © The Royal Society of Chemistry 2012
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1000

broadening of the (111) diffraction peaks according to the
Scherrer formula.®® The calculated crystallite sizes for Pt, PdPt,
and Pd@Pt particles deposited on the RGO were approximately
2.5, 4.4, and 6.2 nm, respectively. The calculated size of the Pt
nanoparticles matched well with the values determined from
TEM analysis, whereas the XRD-based particle sizes of the
PdPt and Pd@Pt crystallites were much smaller than the cluster
dimensions observed in the TEM images. Given these
differences, we speculate that the PdPt and Pd@Pt
nanostructures were formed by several primary nanoparticles in
a size range of 4-6 nm.

Raman spectra (Figure 3B) also supported the XRD results.
The frequencies of the D and G bands were approximately 1354
and 1597 cm, respectively. The D band is associated with the
order/disorder of the graphite edge, and the G band is an
indicator of the graphitic stacking structure. High D/G intensity
ratios indicate a high degree of disorder/exfoliation.®* The D/G
ratios for Pt/RGO, PdPt/RGO, and Pd@Pt/RGO were
calculated to be approximately 1.24, 1.24, and 1.20,
respectively; these ratios are significantly greater than the ratio
of GO (~ 0.89), which indicates that GO was successfully
reduced to RGO.6263 The 2D peak and the D+G peak were
observed at about 2695 and 2925 cm-?, respectively. The 2D
peak is sensitive to the stacking order of the graphene sheets
along the c-axis as well as to the number of layers, which
broadens with an increase of the layer number. Thus, it is
expected that the samples contain highly disordered and
randomly arranged multiple layer carbon sheets.

We performed XPS measurements of the RGO-supported Pt,
PdPt, and Pd@Pt catalysts to obtain information related to their
surface chemistry. Figures 4A and B show the XPS core-level

This journal is © The Royal Society of Chemistry 2012
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Figure 4. XPS spectra of (A) Pt 4f and (B) Pd 3d for the Pt/RGO, PdPt/RGO,

and Pd@Pt/RGO.

spectra for the Pt 4f and Pd 3d regions, respectively. To verify
the specific valence states of the catalysts, the obtained XPS
peaks were curve-fitted, as shown in Figure S5. The BEs of
core electrons and relative amounts of different oxidation states
for the Pt 4f72 and Pd 3dsi2 regions are reported in Table 1. It
was found that the predominant surface species in the prepared
catalysts are the metallic state of Pt and Pd, and relatively small
amounts of the oxidized species are present. The binding-
energy values of the metallic Pt 4f7z2 peaks in PdPt/RGO and
Pd@Pt/RGO are negatively shifted compared with the value for
the Pt/RGO (71.51 eV), which implies that the electronic
structure of Pt was modified by the addition of Pd (Table 1). It
is to be noted that the Pt 4f72 binding energy for PdPt/RGO
(70.68 eV) shifted to a lower binding energy compared to the
Pd@Pt/RGO (71.43 eV), implying that an electronic
modification of Pt in PdPt/RGO is more significant than that in
the PA@Pt/RGO, which may be due to the PdPt alloy surface.
The surface Pd:Pt atomic ratio of PAPt/RGO calculated from
the XPS spectra was 67:33, which is also consistent with the
bulk atomic ratio determined by ICP (67:33) and by EDX
(64:36); these results indicate the formation of a composite
alloy throughout the particles in the case of PdPt/RGO.
However, the surface Pd:Pt atomic ratio of the core—shell
Pd@Pt/RGO was 32:68, which shows a large discrepancy with
the bulk atomic ratio determined by ICP (69:31) and EDX
(66:34). This discrepancy indicates that the surface is
significantly rich in Pt. These findings combined with
elemental mapping strongly support the suggestion that the
PdPt/RGO has an alloy structure and that the PA@Pt/RGO has
a core-shell structure, even though their overall compositions
are the same. Figures S6A and B show the deconvoluted C1s
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Figure 5. XANES spectra of (A) Pt L; edge and (B) Pd K edge for Pt/RGO,
Pd/RGO, PdPt/RGO, and Pd@Pt/RGO with their corresponding metal foils.

XPS spectra of GO and Pd@Pt/RGO, respectively. Importantly,
the intensities of the peaks associated with oxidized carbon
species such as C-O and C=0 of the PA@Pt/RGO sample were
appreciably reduced compared to those in the spectrum of the
GO sample, which implies that GO to RGO were chemically
reduced during the co-reduction process in the preparation of
Pd@Pt/RGO.% The reduction level in the RGO sheet was
estimated by the XPS analysis. As shown in Figure S7, the O
peak intensity of PA@Pt/RGO was obviously decreased in as
compared with GO. The carbon to oxygen (C/O) atomic ratio of
RGO in Pd@Pt/RGO was remarkably increased up to 8.2,
which is much higher than that of GO (2.0), indicating the
oxygen containing group was largely removed after the
reduction of GO by AA. Moreover, this reduction level is
higher than many other reported methods®-%°, Therefore, the
XPS results also support the successful formation of RGO,
along with the results of the XRD and Raman analyses.

XAS is a powerful technique to evaluate the local electronic
and geometric structures of X-ray absorbing atoms. Figure 5
shows the normalized XANES spectra recorded at the Pt Ls
edge (Figure 5A) and Pd K edge (Figure 5B) for the prepared
catalysts. Overall Pt L3 and Pd K edge XANES shapes of the
RGO-supported catalysts are similar to those of the
corresponding metal foils, which indicates that the Pt and Pd in
the catalysts are of predominantly metallic states. The white
line (WL), which is a strong peak above the edge energy
position, is directly related to the density of vacant d orbital
states.”®™ It corresponds to 2ps2 — 5d transition at the Pt Ls
edge and 1s — 4d transition at the Pd K edge, respectively. The

6 | J. Name., 2012, 00, 1-3

Journal of Materials Chemistry A

Table 1. Binding energies and the compositions of the RGO-supported
catalysts measured from XPS, ICP, and EDX.

d
Catalyst Pt 41‘7/2 BE (eV) Pd 3(15/2 BE (eV) Pd:Ptc Pd:Pt szpte
0 2+ 0 2+
Pt Pt Pd Pd
PYRGO 7051 72.40
7400 (26.0)
PAPURGO 7068 7149 33532 33675 67:33  67:33 64136
b b
©L7) @83 (719  (28.)
PI@PYRGO 7143 7240 33568 33633  32:68  69:31  66:34
b b
@95 (205 (822  (17.8)

2 Relative % of the Pt° and Pt?* species.

b Relative % of the Pd® and Pd?* species.

¢ Surface atomic ratio calculated from XPS analysis by using peak areas
normalized on the basis of sensitivity factors.

4 Bulk atomic ratio obtained from ICP analysis.

¢ Bulk atomic ratio obtained from EDX analysis.

WL intensities at Pt L3 and Pd K edge for all of the RGO-
supported catalysts exhibit greater values than those of
corresponding metal foils. Among the RGO-supported catalysts,
the magnitude of the Pt WL intensity appears to increase in
order of PdPt/RGO < Pd@Pt/RGO < Pt/RGO (inset of Figure
5A). This decreased WL intensities for the case of Pd-Pt
bimetallic catalysts could be attributed to partial filling of the
unoccupied Pt 5d orbital by electron transfer from the adjacent
Pd, which can also be interpreted from the electronegativity
difference of Pd and Pt element with 2.20 and 2.28,
respectively. Therefore, the electronic transition of 2p — 5d is
suppressed. The PdPt/RGO shows the smaller Pt WL intensity
than the Pd@Pt/RGO, indicating that the Pt atoms in the
PdPt/RGO has a higher degree of alloying phase, which is also
supported by the XPS analysis discussed above. Since the WL
feature in the Pd K edge represents the transition from 1s
orbital to 4d orbitals, the increased WL intensities observed in
the bimetallic catalysts, especially in the alloyed PdPt/RGO,
may suggest a less filled d band of Pd in the catalysts as shown
in the inset of Figure 5B. The quantitative WL values with the
edge energy analysis were summarized in Table 2.

The EXAFS spectra were collected to get the quantitative
structural information on the RGO-supported catalysts. The
EXAFS data in k space are displayed in Figure S8. The k space
EXAFS oscillations at both Pt Lz and Pd K edge show
significant amplitude reductions compared to those in Pt and Pd
metal foils due to the finite size and structural disorder
effects.”27® The oscillations of the PdA@Pt/RGO are slightly
phase-shifted from Pt foil, which represents that there exists
somewhat interaction between Pt shells and Pd atoms in the
core. In contrast, the PdPt/RGO shows significant discrepancy
in the phase and shapes of the k space oscillations, indicating a
drastic change in the Pt local environment due to the random
mixing of Pt and Pd within the nanoparticles. The Figures 6A
and B represent the Fourier transformed (FT) EXAFS data and
theoretical fits at the Pt L3 edge and Pd K edge, respectively.
These FT-EXAFS data are characterized by the main peaks
appearing between ca. 2 and 3 A at both the Pt L3 and Pd K
edge, which is likely due to the contribution from the phase-
uncorrected first shells of Pt-M (M = Pt or Pd) and Pd-M
interactions.” Significant differences in the FT-EXAFS spectra
are clearly visible between the PdPt/RGO and Pd@Pt/RGO
catalysts, showing their structures are quite different. The
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Table 2. Electronic parameters of the catalysts measured from XANES
analysis.

Catalyst Edge E0 (eV) WL intensity (a.u.)
Pt foil Pt L3 11564.6 1.268
Pt/RGO 11564.9 1.367
PdPt/RGO 11564.1 1.306
Pd@Pt/RGO 11564.5 1.333
Pd foil Pd K 24355.7 0.946
PdPt/RGO 24355.8 0.977
Pd@Pt/RGO 24355.5 0.953

structural parameters calculated from the curve-fitting analysis
of EXAFS in R space are summarized in Table S1 in ESI. The
Pt-Pt bond distances of PdPt/RGO and Pd@Pt/RGO are
determined to be 2.735 + 0.005 A and 2.743 + 0.008 A,
respectively. These values are smaller than that of pure Pt foil
(2.767 £ 0.002 A). The values of the Pt first shell coordination
number (Npt+pt + Npt-pg) for PAPt/RGO and Pd@Pt/RGO are 9.3
+ 0.6 and 7.6 = 0.7, respectively, which are significantly lower
than that for bulk metal value (N = 12), due to finite particle
size of the nanoparticles with an increased fraction of surface
sites. The PdPt/RGO has relatively high heterometallic
coordination numbers, which are Npt.rd = 3.9 £ 0.5 and Npg-pt =
2.0 £ 0.2, indicating a high degree of mixing phase of Pt and Pd
at the atomic scale. The heterometallic coordination numbers in
the Pd@Pt/RGO (Nptps = 1.0 £ 0.5 and Npg-pt = 0.5 £ 0.3) are
small, indicating a limited heterometallic interactions between
Pd core and Pt shell.” The XANES and EXAFS results clearly
support the electronic and geometric differences between the
two catalyst systems of PAPt/RGO and PA@Pt/RGO.

The core-shell Pd@Pt/RGO catalyst was further
characterized by CV, which reflects the electrochemical
properties of electrocatalyst surface. The CV curves of the
different catalyst samples in 0.5 M NaOH solution were
collected (Figure S9). For all of the catalysts, the peaks related
to hydrogen adsorption/desorption and oxide
formation/reduction are clearly observed in the potential ranges
of —0.95 to —0.6 V and —0.4 to 0.25 V, respectively. The peak
appearance at about -0.2 V during the forward scan is due to the
formation of the Pt hydroxide layers on the surface of the
catalysts, which is a typical behavior in alkaline solutions’677,
In the voltammogram of the PdPt/RGO catalyst, a sharp
cathodic peak associated with oxygen desorption at PdPt alloy
nanoparticles is observed at approximately —0.3 V. In addition,
the CV curve of Pd@Pt/RGO is clearly similar to that of the
Pt/RGO and Pt/C catalysts, which implies that the surface of
the core—shell Pd@Pt particles is predominantly covered by Pt
and is similar to the surface state of Pt/RGO. These CV results
confirm the alloy structure of the PAPt/RGO and the core—shell
structure of PA@Pt/RGO.

The electrochemically active surface area (ECSA) of the
catalysts is usually estimated using the accumulated electric
charge of the hydrogen desorption region of the CV. The
estimated ECSA values were found to be 40.35, 49.02, 37.55,
and 29.94 m?/g for Pt/C, PtYRGO, PdPt/RGO, and Pd@Pt/RGO,
respectively.

The electrocatalytic activities of the Pt/RGO, PdPt/RGO,
and Pd@Pt/RGO catalysts toward the MOR were examined by

This journal is © The Royal Society of Chemistry 2012
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Figure 6. FT-EXAFS spectra of the samples (-) and fitted functions (0) at the
(A) Pt L; edge and (B) Pd K edge for Pt/RGO, Pd/RGO, PdPt/RGO, and
Pd@Pt/RGO with their corresponding metal foils.

CV tests in 0.5 M NaOH + 0.5 M methanol solution, as shown
in Figure 7A. The current densities were normalized by the
total mass of Pt and Pd. The CV curves show similar
characteristic shapes with respect to the methanol oxidation
peaks in the forward scan and an oxidation peak in the
backward scan; the latter is attributed to the removal of the
residual carbonaceous species formed during the forward scan.
The Pd@Pt/RGO catalyst obviously shows the highest mass
activity, with a peak current of 4972 mA mg*, which is 3.4
times greater than that of the commercial Pt/C catalyst (1473
mA mg?). This mass activity value is also significantly higher
than those of the other RGO-supported catalysts in this work:
1.9 times greater that of Pt/RGO (2540 mA mg™) and 1.3 times
greater than that of PdPt/RGO (3824 mA mg?). Furthermore,
the onset potential of PA@Pt/RGO is much lower than those of
the other catalysts, which also indicates substantially improved
electrocatalytic activity of the PA@Pt/RGO toward the MOR
under alkaline conditions. For comparison, Pd/RGO was also
prepared through the same synthetic method and examined as a
catalyst for MOR (Figure S10). As a result, the Pd/RGO
showed a mass activity of 1182 mA mg-, which is the lowest
value among the tested catalysts.

The CVs of MOR were also normalized by the ECSA for
the comparison of different catalysts (Figure S11). The ECSA-
normalized peak current density is on the order of PdA@Pt/RGO
> PdPt/RGO > Pt/RGO > Pt/C, showing the similar trend to
that of the mass-normalized activities.
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Figure 7. (A) CV curves of Pt/C, Pt/RGO, PdPt/RGO, and Pd@Pt/RGO in
N,-saturated 0.5 M NaOH + 0.5 M methanol obtained with a scan rate of 50
mV s, (B) CA curves of the catalysts in 0.5 M NaOH + 0.5 M methanol at a
constant voltage of —0.25 V for 3600 s.

The electrochemical activity and stability of the MOR were
further evaluated by subsequent chronoamperometry (CA) tests
in a solution of 0.5 M NaOH + 0.5 M methanol for 3600 s at a
constant voltage of —0.25 V, as shown in Figure 7B. The
Pd@Pt/RGO catalyst clearly maintains a much higher oxidation
current density during the entire testing duration, which
demonstrates the outstanding electrochemical performance of
the PA@Pt/RGO catalyst. The residual current densities of the
Pd@Pt/RGO, PdPt/RGO, Pt/RGO, and Pt/C catalysts after
3600 s are 1549, 856, 673, and 73 mA mg?, respectively.

The CV curves before and after the CA tests of each
catalyst are shown in Figures S12A-D and the changes in peak
current densities are compared in Figure 8. Remarkably, no
obvious change (only ~ 1%) in MOR activity of PA@Pt/RGO
catalyst was observed after the CA test, whereas the MOR
activity reductions of PdPt/RGO, Pt/RGO, and Pt/C were
approximately 14%, 27%, and 35%, respectively. This result
clearly indicates that the Pd@Pt/RGO catalyst is also highly
stable for the MOR in alkaline media.

The enhanced stability of Pd@Pt/RGO catalyst in MOR
was further confirmed by long term cyclic test (Figure S13A).
The current density was normalized by the initial current to
compare the decay rate. After 250 cycles, the PA@Pt/RGO
presents the normalized current of 75.4 % which is much higher
than the PdPt/RGO (45.0 %), Pt/RGO (30.8 %), and Pt/C
(9.6 %). Consistent with the CA results, the Pd@Pt/RGO
catalysts shows the better current density than other tested
catalysts. Furthermore, the morphology of PA@Pt/RGO after
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Figure 8. Comparison of electrocatalytic activities with different catalysts
and their activity losses after CA tests.

stability test was generally retained as observed by TEM
analysis (Figure S13B). From these data, we could conclude
that the Pd@Pt/RGO catalyst has the superior stability.

To investigate the electron-transfer properties of the
electrode systems constructed using these different catalysts,
we obtained Nyquist plots at various electrode potentials using
the electrochemical impedance spectroscopy (EIS) technique;
the results are presented in Figures 9A-B. The smaller diameter
of the arc indicates a lower charge-transfer resistance (Rct) for
the MOR.®7 In comparison with the monometallic Pt/C
catalyst (Figure 9A), the Pt/RGO exhibited significantly less
charge transport resistance at all applied potentials. This result
implies that the conductive RGO support plays a beneficial role
in the charge transport compared to commonly used carbon-
black supports. In the case of the RGO-supported bimetallic
catalysts, the PA@Pt/RGO catalyst showed smaller Rct values
than did PdPt/RGO at different electrode potentials, which
indicates that the Pd@Pt/RGO has improved charge transport
properties (Figure 9B). This EIS observation may provide a
good rationale for the previous CV and CA results that show
the enhanced electrocatalytic activity of the Pd@Pt/RGO
catalyst system.

Conclusions

In summary, bimetallic Pd@Pt core-shell or PdPt alloy
particles that were supported on RGO sheets were fabricated by
a simple, surfactant-free, one-pot reduction process. This
process was also applied to synthesize monometallic Pt
nanocrystals on the RGO support. The resulting
nanocomposites were investigated using various
physicochemical characterization methods, including SEM,
TEM, HRTEM, EDX, XRD, Raman spectroscopy, XPS, and
XAS. Among the various nanocomposites, Pd@Pt/RGO
exhibited excellent electrocatalytic performance toward MOR
in alkaline solution; this catalyst exhibited superior activity and
enhanced electrocatalytic stability relative to those of the other
catalysts tested, i.e., PAPt/RGO, Pt/RGO, and commercial Pt/C
catalysts. The PA@Pt/RGO catalyst has potential applications
as a highly efficient anode catalyst for alkaline DMFCs.
Moreover, we expect that this simple, inexpensive, and
effective method can enable the design of various novel
metal/graphene hybrid electrodes.

This journal is © The Royal Society of Chemistry 2012
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