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A facile strategy to three-dimensional Pd@Pt core-shell 

nanoflowers supported on graphene nanosheets as an 

enhanced nanoelectrocatalyst for methanol oxidation 

Yi Chen, Jia Yang, Ying Yang, Zhiyao Peng, Jinhua Li, Tao Mei, Jianying Wang, 
Ming Hao, Yalin Chen, Weilai Xiong, Liu Zhang and Xianbao Wang*

Here we demonstrate for the first time a water-based 

surfactant-free synthesis of three-dimensional porous Pd@Pt 

core-shell nanoflowers on graphene. The obtained 

Pd@Pt/graphene hybrids exhibited substantially enhanced 

electrocatalytic activity and stability relative to the 

commercial Pt/C catalyst originating from this exquisite 

nanoarchitecture for three-dimensional molecular 

accessibility and graphene-metal interaction. 

Platinum (Pt) is a marvellous catalyst for a wide range of reactions, 
in particular, both fuel oxidation and oxygen reduction reaction 
occurring on the interface of electrodes and electrolyte of a proton-
exchange membrane (PEM) fuel cell.1-4 However, the scarcity and 
sky-rocketing price of Pt have become key barriers for its broad 
deployment in fuel cells for commercial viability. Therefore, it is 
highly desirable to develop nanoelectrocatalysts with minimal Pt 
usage while still displaying superior performance. Specifically, 
combining Pt with a more abundant metal to generate novel 
bimetallic nanostructures in the form of alloys5-7, dendrites1, 8, 9 or 
core-shells10-13 has become the most promising approach to  reduce 
the Pt content as well as improve their intrinsic activity on a mass 
basis. Since Pd and Pt share the same face-centered cubic structure, 
together with good miscibility and a minor lattice mismatch of only 
0.77%,14 they can be readily prepared as bimetallic core-shell 
nanocrystals with a single-crystal structure. Meanwhile, the current 
price of Pd is only 40% that of Pt, making Pd a superb candidate for 
the core to help reduce the material cost. In addition,  theoretical 
studies indicate that the combination of Pd and Pt can tailor the 
electronic d-band center of Pt, which has played a decisive role in 
bringing enhancement for certain catalytic reactions.15 Accordingly, 
by using Pd@Pt core-shell nanocrystals as a catalyst, it is expected 
that the catalytic performance could be optimized and less Pt is 
needed in the fuel cell reactions, a goal that has long been sought for 
commercialization of the fuel cell technology. 
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On the other hand, in order to further maximize the activity of Pt 
and minimize the usage of Pt, it is very necessary to disperse Pt-
based nanostructures on proper supports. Featuring the excellent 
electronic properties, huge surface area and unique graphitized basal 
plane structure,16-18 graphene is an ideal substrate to facilitate the 
nucleation and growth of Pt-based nanocrystals for producing 
functional hybrid nanostructures, which would not only maximize 
the availability of nanocatalyst surface area for electron transfer but 
also provide better mass transport of reactants to the nanocatalyst. 
However, it was reported that the graphene supported metal 
nanostructures were commonly obtained by adding graphene during 
the reducing metal precursors or mixing the nanocrystals with 
graphene, prior to which the surface of metal nanocrystals and/or 
graphene sheets is functionalized with additional surfactants or 
ligands to ensure good bonding between them via covalent or non-
covalent interactions.19-23 Unfortunately, the presence of these agents 
around nanocrystals or graphene may lead to a decrease of active 
sites and electrical conductivity, which severely limits their 
electrocatalytic performance.1, 24-28 Hence, to fully utilize the 
extraordinary properties of both graphene and Pt by their composites, 
it is vital to develop a facile and in situ co-chemical reduction 
approach to load “surface-clean” Pd@Pt nanostructures on graphene.  

Herein, for the first time, we demonstrate a water-based 
surfactantless synthesis of three-dimensional (3D) Pd@Pt core-shell 
nanoflowers on graphene, which represents a new type of 
graphene/metal hybrid nanostructures with several crucial 
advantages. (a) “Surface-clean” single-crystal Pd@Pt nanoflowers 
were grown onto graphene surfaces with superb monodispersity and 
homogeneity. (b) The Pd@Pt nanoflower is composed of a Pd 
interior and porous dendritic Pt shell, which would offer three-
dimensional molecular accessibility and thereby dramatically 
diminish the number of buried nonfunctional precious metal atoms 
and increase the atomic utilization efficiency. (c) Benefiting from 
this attractive architecture and unique characteristic, the as-prepared 
Pd@Pt/graphene hybrids exhibited substantially enhanced 
electrocatalytic activity and stability toward methanol oxidation 
relative to the PdPt alloy/graphene, Pt/graphene and commercial 
Pt/C catalyst.  

The preparation strategy for constructing the Pd@Pt nanoflowers 
supported on graphene is demonstrated in Scheme 1 (the detailed 
experimental procedure is given in the ESI). They were prepared 
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 Scheme 1 Schematic presentation for formation of Pd@Pt core-shell 
nanoflowers onto graphene nanosheets. 

using a sequential method. In the first step, we synthesized small Pd 
nanoparticles uniformly distributed on graphene by reducing 
graphene oxide (GO) and PdCl2 simultaneously with L-ascorbic acid 
(AA) in an aqueous solution at room temperature. A transmission 
electron microscopy (TEM) image of the as-prepared Pd/graphene is 
shown in Fig. 1a. It is easily discerned that fine nanoparticles of Pd 
on the surface of graphene nanosheets present an average diameter 
of around 6.3 nm (Fig. S1a). The high-resolution TEM (HRTEM) 
image (Fig. 1b) of a single Pd nanocrystal indicates that it is indeed a 
piece of single crystal with its surface being enclosed mainly by (111) 
facets. The observed fringes with spacing of 2.25 Å were in 
agreement with a (111) plane spacing of Pd face-centered cubic (fcc) 
structure (Fig. S2). These single-crystal Pd nanoparticles supported 
on graphene nanosheets were then used as seeds to direct the 
subsequent rapid dendritic growth of Pt for producing 3D porous 
Pd@Pt core-shell nanoflowers upon the reduction of H2PtCl4

.6H2O 
by AA under microwave irradiation for 5 min. It should be noted 
that the whole preparation strategy has been implemented in an 
aqueous phase without adding any surfactant or capping agent, thus 
enabling the obtained product with a very “clean” surface. Typical 
TEM images at different magnifications (Fig. 1c, d, e) clearly 
showed that the as-prepared sample had well-dispersed nanoflowers 
with a completely dendritic shape, demonstrating the high-yield 
formation. The corresponding EDX spectrum (Fig. S3) showed the 
peaks corresponding to C, O, Pd and Pt elements, confirming the 
existence of bimetallic Pd-Pt nanoparticles on the surface of 
graphene nanosheets. The Pd-Pt bimetallic nanoflowers had an 
average size of approximately 16.4 nm (Fig. S1b). Well-defined 
dendritic shells consisted of plentiful of interconnected nanorods of 
about 3 nm in width. These randomly aggregated nanorods created 
3D nanoporous architectures, which were highly favourable for 
maximizing the accessible surface area for achieving high mass 
activity of a catalyst. The wide-angle X-ray diffraction (XRD) 
pattern showed a metallic fcc structure (Fig. S2). In contrast to other 
core/shell systems, there are no distinct difference in the lattice 
constants between Pd and Pt fcc crystals. Therefore, we can not 
distinguish whether a Pd-Pt bimetallic alloy is formed. To make it 
clear, the elemental distribution of the two metals were further 
visualized using the corresponding elemental line-scanning analysis. 
As can be seen in Fig. 1f, Pd and Pt were not uniformly distributed 
in the nanoflowers, suggesting the formation of Pd@Pt structure 
consisting of a Pd core and dendritic Pt exterior. The HRTEM image 
in Fig. 1e showed no obvious grain boundaries between Pd and Pt 
because of the extremely high lattice match ratio (99.23%)14. All of 
these results demonstrate that, although the core and shell are 
compositionally different, the crystallographic structure is uniform 
and coherent over the entire nanoflower, resulting in the formation 
of an inserted pseudo Pd-Pt alloy heterointerface. Specifically, the 
spatially and locally separated nanoarms were highly crystallized, 
and most of the exposed facets were found to be (111) (d-
spacing~2.26 Å) in addition to a small fraction of (200) (d-
spacing~1.97 Å) (Fig. 1e). This was in agreement with the XRD 

 Fig. 1 TEM (a) and HRTEM (b) images of Pd nanoparticles on graphene. 
Representative TEM (c, d) and HRTEM (e) images of Pd@Pt core-shell 
nanoflowers on graphene. (f) EDX line-scanning profiles of Pt and Pd across 
a single Pd@Pt core-shell nanoflower shown in the inset. 

profile in Fig. S2. It was noteworthy that abundant atomic steps were 
successfully exposed on the Pt branch surface (as indicated by the 
red arrows in Fig. 1e).  Such a delicate and unique atomic structure 
can act as highly active sites for methanol oxidation.10, 29  

The observed successive dendritic growth of Pt branches on the 
preformed Pd seeds can probably be attributed to the close matching 
between the lattice parameter of Pd and Pt and the rapid microwave-    
assisted reduction of Pt as mediated by an autocatalytic process, 
which has been used to account for the formation of branched 
nanostructures of Pt.1 Interestingly, we also observed branching via 
autocatalytic reduction of the Pt precursor in the absence of Pd seeds 
(Fig. S4). However, simultaneous reduction of Pd2+ and Pt2+ 
produced foam-like PdPt alloy aggregates on graphene (Fig. S5). 
Different reduction rates of the metal precursors may play a key role 
in the different structural evolution of the particles.30 Furthermore, 
we attempted to synthesize Pd@Pt nanoflowers with different Pt/Pd 
molar ratios. When the Pt/Pd molar ratio was increased to 4:1 (Fig. 
S6a), some irregular and solid particles were produced, because of 
the weak inducement capacity from the lower Pd content.  On the 
other hand, the obtained product had a lower degree of porosity as 
the Pt/Pd molar ratio was reduced to 1:4 (Fig. S6c), which was 
unfavorable for dendrite growth. These results suggest that 
appropriate Pt/Pd ratio is critical for producing Pd@Pt core- 
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 Fig. 2 (a) Cyclic voltammograms and (b) chronoamperometric curves for 
methanol oxidation reaction catalysed by graphene/Pd@Pt nanoflowers 
(shown in Fig. 1c, d, e), graphene/PdPt alloy nanofoams (shown in Fig. S5), 
graphene/branched Pt nanoparticles (shown in Fig. S4) and commercial Pt/C 
(shown in Fig. S7) in an aqueous solution containing 1 M KOH and 1 M 
CH3OH. The Cyclic voltammograms curves were recorded at a scan rate of 
50 mV s-1 and  the chronoamperometric curves were recorded at -0.2V. 

shell nanoflowers with an open-framework structure. It must be 
emphasized that our current understanding of these syntheses is still 
far from being able to present atomistic details for the evolution 
pathways that the precursor compound may take to form metal atoms, 
nuclei, and then well-defined nanoflowers.31, 32 We believe that 
salient experiment and theoretical advances in the future would 
endow us with the ability to fully reveal the details involved in the 
growth process.  

Inspired by their attractive structure and unique characteristic, the 
graphene supported Pd@Pt nanoflowers were tested as 
nanoelectrocatalysts for studying their catalytic activity towards  the 
oxidation of methanol (Fig. 2a). To make a comparison, the 
electrocatalytic activity of PdPt alloy/graphene (shown in Fig. S5), 
Pt/graphene (shown in Fig. S4) and commercial Pt/C (shown in Fig. 
S7) was also examined. The currents were normalized to the loading 
amount of Pt in order to compare the mass activity of different 
catalysts. As seen in Fig. 2a, the graphene supported Pd@Pt core-
shell nanoflowers exhibited the highest mass activity, with a peak 
current of 9.23 A mg-1

Pt, which was around 1.3, 8.9, and 14.2 times 
greater than that of PdPt/graphene (6.89 A mg-1

Pt), Pt/graphene (1.04 
A mg-1

pt) and commercial Pt/C  (0.65 A mg-1
Pt) catalyst, respectively. 

If the total amount of metal was taken into account, the mass activity 
of the graphene/Pd@Pt nanoflowers (5.18 A mg-1

Pt+Pd) was still the 
highest of the different catalysts, which was approximately 8.0 times 
greater than that of the Pt/C catalyst (Fig. S8). It was further noted 
that the catalytic activity of Pd@Pt nanoflowers on graphene was 
almost 2.6 times higher than that of recent state-of-the-art PdPt alloy 
nanowires.33 In addition, the onset potential of Pd@Pt/graphene was 
more negative than those of other catalysts, which also indicates 
substantially enhanced electrocatalytic activity of the 
graphene/Pd@Pt nanoflowers toward methanol oxidation. It is 
worthwhile to say that the much improved electrocatalytic activity of 
Pd@Pt core-shell nanoflowers on graphene could be ascribed to 3 
major factors: (a) The graphene/Pd@Pt nanoflowers are very “clean” 
because of the surfactant-free formation process, allowing them to 
fully expose active sites for methanol oxidation; (b) The Pd@Pt 
nanoflower consists of a Pd interior and porous dendritic Pt shell, 
owning “smart” geometric and electronic structures, which would 
offer three-dimensional molecular accessibility, thus dramatically 
increasing the atomic utilization efficiency; (c) Excellent 
monodispersity and homogeneity of Pd@Pt nanoflowers loaded on 
graphene nanosheets with high surface area should be also 
emphasized. 
    Durability is one of the critical factors for a practical catalyst. To 
evaluate the stability of the catalysts, chronoamperometric 
measurements were performed  at -0.2 V for 2000 s in an aqueous 
solution containing 1 M KOH and 1 M CH3OH. It can be clearly 

seen from Fig. 2b that the graphene/Pd@Pt nanoflowers electrode 
showed much slower attenuation than other catalysts  during the 
entire testing time. Our 3D Pd@Pt core-shell nanoflowers with 
spatially and locally nanosegregated Pt nanoarms favoured the 
drastic suppression of the activity loss derived from the undesirable 
agglomeration of Pt active sites. As mentioned above, the atoms of 
Pd and Pt are highly miscible and the Pd atoms in the Pd-rich core 
coherently match with the exterior Pt-rich shell, resulting in the 
formation of an inserted pseudo Pd-Pt alloy heterointerface (Fig 1e), 
of which the Pd (as an oxophilic element) can enhance the removal 
of adsorbed CO on neighbouring Pt atoms by adsorbing oxygen-
containing species, enabling enhancement in both activity and 
durability.10, 29 

In summary, we have developed a facile, solution-phase, and 
surfactantless synthesis of 3D Pd@Pt core-shell nanoflowers 
supported on graphene nanosheets with superb monodispersity and 
homogeneity. This pioneering approach enables us to synthesize 
“surface-clean” multimetallic nanocrystals with sophisticated 
nanoarchitectures, which can not be easily achieved otherwise. The 
key factor in the proposed method should be attributed to the rapid 
Pt growth as mediated by the microwave irradiation, resulting in the 
porous dendritic architecture. Since they have three-dimensional 
electrocatalytic surfaces, our graphene/Pd@Pt hybrids are highly 
active catalysts for methanol oxidation reaction relative to other Pt 
materials. This simple, straightforward and general methodology 
should be highly inspiring for routinely producing new metallic 
core-shell nanostructures with large surface areas. 
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21401049) and Hubei Provincial Department of Science & 
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