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Simple synthesis of urchin-like Pt-Ni bimetallic nanostructures as 
enhanced electrocatalysts for oxygen reduction reaction † 
Kwang-Hyun Choi,‡ab Youngjin Jang,‡ab∥ Dong Young Chung,‡ab Pilseon Seo,ab Samuel Woojoo 
Jun,ab Ji Eun Lee,ab⊥ Myoung Hwan Oh,ab Mohammadreza Shokouhimehr,ab Namgee Jung,c Sung 
Jong Yoo,d Yung-Eun Sung*ab and Taeghwan Hyeon*ab 

The synthesis of urchin-like Pt-Ni bimetallic nanostructures are 
achieved by a controlled one-pot synthesis. Pt-Ni nanostructures 
have superior oxygen reduction reaction activities in both with and 
without specific anion adsorption electrolytes due to the geometric 
and alloying effect. 

Platinum group metal (PGM)-based materials have been a 
dominant class of electrocatalysts for efficient oxygen reduction 
reaction (ORR) of proton exchange membrane fuel cell 
(PEMFC).1,2 As the scarcity and high cost of Pt metal hinder the 
commercialization of the fuel cells, many of the fuel cell 
researchers have focused on the development of the catalysts 
with the less amount of Pt and the higher activity.3 There have 
been so far several synthetic approaches reported to 
accomplish this goal by controlling the shape and composition 
of the Pt-based nanocatalysts.4,5 Since Stamenkovic et al. 
demonstrated the enhanced performance of Pt-Ni bimetallic 
materials in ORR,5a a number of synthetic methods for the 
preparation of Pt-Ni bimetallic nanoparticles with various 
shapes including octahedron,5b-f cuboctahedron,5f-g truncated 
octahedron,5h cube,5c-d and icosahedron5i have been reported. 

Especially, among the various shapes, the dendritic 
nanostructures have attracted much attention for their 
enhanced electrocatalytic performance.6 This is attributed to 
their large specific surface area and rough surface with more 
edges and kinks compared to the nanoparticles with convex 
shapes.5g,6b However, despite of the recent progress in the 
synthesis of Pt-based nanomaterials, the synthesis of shape- 
and composition-controlled bimetallic nanoparticles and their 
optimization for the electrocatalytic performance are still 
remained elusive. In this communication, we report the facile 
one-pot synthesis of the urchin-like Pt-Ni nanostructures with 
the Pt-to-Ni composition adjustable in the range from 1:1 to 3:1. 
The urchin-like Pt-Ni nanostructures with different 
compositions are applied to the oxygen reduction 
electrocatalyst. Overall, the urchin-like Pt-Ni nanostructures 
exhibit better electrocatalytic performance compared with the 
commercial Pt catalysts due to alloying effect. In addition, we 
found that the urchin-like morphology of our nanostructures is 
advantageous with the low susceptibility towards specific anion 
adsorption, such as H2SO4, which is attributed to their shape 
control process. 

Urchin-like Pt-Ni bimetallic nanostructures are synthesized 
by a simple heat-up process.7 A reaction solution is prepared by 
dissolving Pt(acac)2, Ni(acac)2, 1-hexadecylamine (HDA), and 1-
adamantanecarboxylic acid (ACA) in benzyl ether and heated up 
to 240 oC at the rate of 4 oC/min and then aged for 30 min at 
that temperature. The composition of the bimetallic 
nanostructures is controlled by changing the amount of the Ni 
precursor in the solution while fixing that of Pt. In Fig. 1a, 
transmission electron microscopy (TEM) images of Pt-Ni 
nanostructures synthesized with different molar ratios of Pt and 
Ni precursors are shown. For the precursor feeding ratios of 
Pt:Ni = 1:1, 2:1, and 3:1, the compositions of the obtained 
nanostructures are measured as Pt51.5Ni48.5, Pt66.7Ni33.3, and 
Pt75.1Ni24.9, respectively, by inductively coupled plasma atomic 
emission spectroscopy (ICP-AES). Such good match between the 
feeding ratio and the composition of the nanostructures 
demonstrates simple and effective composition control of this 
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synthesis. Energy-filtered TEM (EFTEM) images in Fig. 1b shows 
homogeneous distribution of both Pt and Ni atoms  

Fig. 1 (a) TEM images of PtxNi nanostructures (Pt:Ni), (b) EF-TEM image of 
Pt2Ni and element mapping images, and (c) magnified TEM images and FFT 
patterns. 

within a nanostructure. X-ray diffraction (XRD) measurement 
confirms face-centred cubic (fcc) structure of the 
nanostructures (Fig. S1, ESI†). The position of the diffraction 
peaks are monotonically shifted to the higher 2θ values as the 
composition of Ni increases, indicating the lattice contraction 
due to the smaller atomic radius of Ni compared to Pt. No 
characteristic peaks from either nickel or nickel oxide species 
are observed. In Fig. 1c, a high-resolution TEM image of an 
urchin-like nanostructure is shown. This structure consists of a 
number of the smaller nanoplatelets fused together. As 
indicated with arrows in the figure, the crystallographic 
orientations of the platelets consisting a single nanostructure 
are random. This observation strongly suggests that the urchin-
like nanostructure is not a result of branched growth from the 
seed core, in which case the crystal lattices in the core and the 
branches are coherent, as reported previously (Ref. 6a). 

To study the process of Pt-Ni nanostructure formation, we 
analysed a series of aliquots sampled from the solution with the 
Pt:Ni feeding ratio of 2:1 at different points of time during the 
synthesis. TEM analysis shows that irregular-shaped 
nanoparticles appear in the solution at 220 oC and grow further 
into urchin-like structures during aging at 240 oC (Fig. S2, ESI†). 
In the meantime, the composition of the nanoparticles 
separated from the aliquots is changed from only Pt at 220 oC 
to Pt2.06Ni at the end of the reaction (Table S1, ESI†). X-ray 
absorption near edge structure (XANES) data at Pt LIII edge and 
Ni K edge show that reduction of both Pt2+ and Ni2+ occurs 
simultaneously during heating from 230 oC to 15 min aging at 

240 oC (Fig. S3, ESI†). These observations suggest a reaction 
model that a small portion of Pt2+ cations are reduced by HDA 
under heating first (Pt2+ + 2RNH2 → Pt0 + 2RNH2+l)8a and then 
the pre-formed Pt clusters and nanoparticles catalyse the 
reduction of Ni2+ and the rest of Pt2+.8b-c  At the surface of Pt 
metal, transition metal cations can be reduced at the less 
negative potentials compared to those without Pt, which is 
known as underpotential deposition.8c-d Actually, in a control 
experiment using only Ni precursor in the synthesis, no particles 
are formed, conforming that the presence of Pt is necessary for 
the reduction of Ni2+ in the current reaction condition. In 
addition, due to the large difference in the standard reduction 
potentials of Ni2+ and Pt2+ (-0.25 V and 1.188 V vs. SHE, 
respectively), galvanic replacement can take place between Ni 
atoms at the surface of the nanostructures and Pt2+ in the 
solution (Ni(s) + Pt2+ → Ni2+ + Pt(s)). As a result, the presence of 
Ni2+/Ni can affect the overall reduction reaction kinetics via 
underpotential deposition and galvanic replacement.  

The effect of Ni2+/Ni on the reaction kinetics can be deduced 
from the shape evolution of urchin-like nanostructures. Firstly, 
in a synthesis using only Pt precursor, truncated Pt 
nanoparticles with the size of 30 nm are obtained (Fig. S4, ESI†). 
This proves the critical role of the Ni precursor in the shape 
evolution. In general, PGM-based nanoparticles with ill-defined 
shape and high surface area, such as dendritic and urchin-like 
structures, are formed when the reduction rate is very high 
because those shapes are far from thermodynamic 
equilibrium.9 If the reduction is slow, the nanoparticles are in 
quasi-equilibrium with the solution and tend to have more 
stable shapes exposing the low energy facet, for example, 
octahedron with (111) facet for fcc structure. Actually, when the 
reaction temperature is raised to 260 oC, extensive ripening 
takes place for the urchin-like nanostructures which turns them 
to spherical nanoparticles with broad size distribution (Fig. S5, 
ESI†). Therefore, it seems that the presence of Ni2+/Ni 
accelerates the overall reduction rate so that 
thermodynamically unstable urchin-like shapes can be formed 
that expose higher energy facets. 

The electrocatalytic activity of the urchin-like Pt-Ni 
nanostructures with different compositions is evaluated by 
cyclic voltammetry (CV) and polarization curve measurements 
(Fig. 2a and Fig. S6, ESI†). Among the samples, Pt2Ni 
nanostructures show the best mass activity, which is 12.2 times 
higher than that of commercial Pt/C nanoparticle (Table 1). 
Overall, the urchin-like nanostructures have the higher specific 
activity than commercial Pt/C. (Pt2Ni nanostructures show 15.5 
times higher specific activity than that of commercial Pt/C 
nanoparticle.) The enhanced ORR activity is attributed to the 
electronic perturbation from alloying that can adjust the 
adsorption energy of oxygen species on Pt.10 This adjustment 
can lower the strong adsorption energy of OH, which blocks the 
active surface area. In our experiment, this effect is proved by 
positive peak potential shift of Pt-OH reduction in CV (Fig. S6, 
ESI†). The Pt2Ni nanostructures show the lower white line 
intensity of Pt LIII XANES spectrum than that of commercial Pt 
catalyst (Fig. S7). This indicates the  
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Fig. 2 (a) polarization curves of the PtxNi nanostructures with three different 
compositions (x=1, 2, and 3) and the reference commercial Pt catalyst in 
HClO4  electrolyte (b) polarization curves in H2SO4 electrolytes (c) long-term 
durability results and (d) HAADF-STEM and EDS mapping images of urchin-like 
Pt2Ni nanostructures after ADT. 

higher electron population in the 5d band, which results in the 
lower adsorption energy.  

As mentioned above, it is conjectured that the higher energy 
facets are exposed at the surface of our urchin-like 
nanostructures, unlike thermodynamically stable shapes 
exposing mainly (111). It is well known that for Pt-based 
catalysts (111) surface has the highest ORR activity than the 
other facets.5a,5c,11 However, on the other hand, in commercial 
hydrogen fuel cell operation, the interaction between the 
catalyst and the sulfonic acid groups in Nafion® can poison the 
catalyst via specific anion adsorption3a,12 and this adverse effect 
is the most significant on (111).11 Therefore, it is important for 
the catalyst to balance the activity with the resistivity towards 
specific anion adsorption. The surface orientation of the urchin-
like Pt2Ni nanostructures is studied by CVs in H2SO4 solution 
under Ar and the result is compared with that of commercial Pt 
catalyst (Fig. S8, ESI†). The butterfly peak around 0.5 V vs RHE 
from commercial Pt is correlated with the specific anion 
adsorption on Pt(111).4a,13 In contrast, only very weak signal is 
observed in the same region from the urchin-like Pt2Ni 
nanostructures. The CV curve in hydrogen underpotential 
deposition (Hupd) region (0.05 <V< 0.3, V vs. RHE) shows that 
(100) planes, rather than (111), are dominant on the surface of 
the urchin-like Pt2Ni nanostructures, which confirms our 
expectation based on the thermodynamic consideration on the 
formation process. Due to the (100) dominant-surface, the 
specific activity of the Pt2Ni nanostructures from the ORR 
measurement in H2SO4 electrolyte is 20.7-fold higher than that 
of commercial Pt/C nanoparticle (Pt2Ni: 0.456 mA/cm2Pt and 
Pt/C: 0.022 mA/cm2Pt), as shown in Fig. 2b. This result 
demonstrates that our bimetallic PtNi nanostructures have 
good tolerance for specific anion adsorption while maintaining 
high activity.  

The long-term stability study is conducted through 
accelerated durability test (ADT) with United States Department 
of Energy protocol. To separate the shape and  

Table 1. Summary of electrochemical results in HClO4 electrolyte 

 Mass activity 
(A/mgPt) 

Specific activity 
(mA/cm2Pt) 

ECSA 
(m2/g) 

Pt/C (commercial) 0.13 0.19 68.4 
Pt1Ni 0.75 1.21 62.0 
Pt2Ni 1.59 2.94 54.1 
Pt3Ni 1.53 2.90 52.8 

 
composition effects on the long-term stability, we also tested 
commercial Pt3Ni/C nanoparticles with spherical shape (Fig. 2c 
and Table S2). After 10,000 cycles, Pt2Ni nanostructures show 
the minimum activity loss among the samples. Scanning 
transmission electron microscopy (STEM) data show that the 
morphology of the nanostructures is retained after ADT (Fig. 2d).  
This observation is also consistent with the previous reports 
that branched and dendritic nanoparticles tend to be more 
resistive towards coalescence during cycles than the spherical 
shapes.14 This effect can be explained in terms of the structural 
factor. Unlike nanoparticles of well-defined shapes such as 
sphere and polyhedrons, contact of two urchin-like 
nanostructures leads to the formation of complex interface 
structure due to their irregular shape and random 
crystallographic orientations of the subdomains, as shown in Fig. 
1c, which makes the coalescence energetically less favoured. 
We found that the surface of our nanostructures is Pt-rich even 
before cycling. X-ray photoelectron spectroscopy (XPS) data (Fig. 
S9 and S10) show low Ni 2p signal intensity compared to that of 
Pt 4f after synthesis and no Ni signal after the deposition of the 
nanostructures onto Vulcan XC-72R (Fig. S11). As reported 
recently, Ni can be dissolved from the surface of Pt-Ni alloy 
nanostructures while dispersed in nonpolar solvents such as 
hexane and chloroform.15 Clean Pt surface was further 
supported by the CV during initial pre-cycling (Fig. S12). During 
the clean process, little change is observed in Hupd region while 
the Hupd rapidly increases in the data from commercial Pt3Ni/C. 
Considering that increase of Hupd region was correlated from Pt 
exposure by electrochemical dealloying process,16 the surface 
of our Pt-Ni nanostructures is almost fully covered with Pt 
atoms. On the other hand, according to energy dispersive x-ray 
spectroscopy (EDS) data, no significant dissolution of Ni from 
the nanostructures is observed after ADT (Fig. 2d, Fig. S13 and 
Table S3, ESI†). This shows the good stability our Pt-Ni bimetallic 
nanostructure under ORR condition. 

In conclusion, we developed a facile synthesis of the urchin-
like Pt-Ni nanostructures via simple one-pot process. The 
composition of Pt-Ni nanostructures is controlled by varying the 
molar ratio of the Pt and Ni precursors. Our nanostructures 
show 12.2 and 15.5 times higher mass and specific activity, 
respectively, than the commercial Pt/C nanoparticles for the 
ORR using HClO4 electrolyte. Furthermore, under specific anion 
adsorption condition (H2SO4 electrolyte), our Pt2Ni 
nanostructures exhibited 20.7 times higher specific activity than 
Pt. Also, we found that the urchin-like structure has better 
stability than spherical nanoparticles. These advantages of our 
nanostructures, including the higher activity, low specific anion 
adsorption, and long term stability, are explained in terms of 
their structural factors induced by the formation process. 
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