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Introduction 

The catalytic activity of a nanoparticle is greatly affected by 

the proportion of highly energetic structural features1-8 in the 

entire nanostructure as well as by its surface area.9 

Accordingly, the preparation of facet-controlled nanoparticles 

exposing high energy facets, steps, and kinks1-8 and core-shell 

nanoparticles with lattice mismatch between core and shell has 

been extensively pursued to render high surface energy to a 

nanoparticle.10-13 Recently, we have found that the presence of 

twinning boundary on the nanoparticle surface greatly enhances 

the catalytic activity.14,15 The highly energetic nature of twining 

boundary, however, usually leads to the formation of 

nanostructures with minimized exposure of twinning coastline, 

although extended coastline of twinning boundary might be 

greatly beneficial to the catalytic activity.14,16 On the other 

hand, the highly energetic twinning boundary of an axially 

twinned nanorod could serve as a preferred nucleation site for 

the growth of nanocrystals because the growth of new 

nanocrystals on it would provide the desired surface energy 

minimization to the original twinning boundary.17-19 The 

epitaxial growth of a nanocrystal on the twinning boundary 

would transfer the twinning property to the newly grown 

nanostructures, leading to the elongation of energetic twinning 

boundary on the surface of the resulting nanostructure. 

Furthermore, by growing new crystallites with a different 

composition on the existing twinning boundary, it would be 

feasible to create a highly energetic surface due to the presence 

of lattice mismatch between the original twinned nanostructure 

and newly grown nanocrystallites. Such a twinning boundary 

coastline-elongated nanostructure is expected to possess high 

catalytic activity due to i) high surface area, ii) highly active 

extended twinning boundary at the surface, and iii) surface 

energy elevating lattice mismatch between core and shell. 

Herein, we report the proof-of-concept experiment for the 

formation of a twinning boundary maximized Pt3Ni@Pt 

heterohierarchical nanostructure by growing Pt nanodendrites 

on axially twinned nanorods of Pt3Ni as well as its excellent 

catalytic activities towards methanol oxidation reaction. 

 

Results and discussion 

The transmission electron microscopy (TEM) and high 

resolution TEM (HRTEM) images of hierarchical 

heteronanostructures are shown in Fig. 1. Thin Pt3Ni nanorods 

with diameters of 2~3 nm were prepared by using a procedure 

modified from the synthetic condition for five-fold Pt nanorods 

(See ESI for synthetic details). The Pt3Ni nanorods are axially 

twinned as clearly seen in Figure 1b. However, it is difficult to 

discern exact twinning nature such as five-fold twinning of 

related Pt nanorods due to the difficulty in vertical alignment of 

thin nanorods. The energy dispersive X-ray spectrum study 

demonstrates the elemental composition of 3/1 (Pt/Ni) for the 

Pt3Ni nanorods (ESI Fig. S2). Small Pt nanocrystals could be 

grown on the twinning boundary of axially twinned Pt3Ni 

nanorods (Fig. 1a, b) via ethylene glycol-assisted thermal 

decomposition of Pt(acac)2 at low temperatures. In a typical 

synthesis, Pt3Ni nanorod (~ 2 mg) were dispersed in a mixture 

of Pt(acac)2 (0.05 mmol), ethylene glycol (1.86 mmol) and 

octadecylamine (15 mmol) in a two-neck round bottom flask 

(15 mL) with a magnetic stirring at 80 oC. After being 

evacuated for 10 min with stirring at 80 oC, the resulting 

solution was kept at the same temperature for 20 h under Ar to 

give a worm-like heteronanostructure as shown in Fig. 1c. The 

HRTEM analysis of newly grown Pt nanocrystallites in Fig. 1d 

reveals that the twinned nature of the Pt3Ni nanorod core is 

unaffected by the synthetic process and that crystal growth 
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behaviour is epitaxially transferred from the Pt3Ni nanorod to 

Pt. 

Fig. 1 TEM and HRTEM images of (a, b) thin Pt3Ni nanorod (α, β: FFTs of right and 

left sides of Pt3Ni nanorod) and (c, d) worm-like Pt3Ni@Pt nanostructure (γ, δ: 

FFTs of branch and body parts in d). Red lines in b and d denote the twinning 

boundaries. (e) TEM image of dendritic Pt3Ni@Pt. 

The nanocrystallite formation on the side of a nanorod is 

completely different from the case of Rh nanoparticle growth at 

the tips of related Pt nanorods, which requires a higher 

decomposition temperature (> 130 oC) for the Rh(acac)3 

precursor and occurs only at the tips of nanorods.14 At high 

reaction temperatures, the binding of surface-stabilizing 

moieties on the nanorod tip might be selectively disturbed over 

the nanorod stem part to facilitate Rh nanocrystal growth.14 The 

lattice parameter discrepancies of 2.6% and 3.0% between 

Pt3Ni and Pt and between Rh and Pt, respectively, are not very 

significant,20 and therefore do not seem to be the main cause of 

the disparate regiospecific nanocrystal growth for different 

metals. At low reaction temperature of 80 oC of this study, there 

seems to be little reactivity difference between the {111} 

faceted nanorod tip and the {100} faceted middle part, as 

judged by indiscriminate formation of multiple nanocrystallites 

on the entire Pt3Ni nanorod surface, which is counter-intuitive 

because the difference among different surface energies should 

be more pronounced at low temperatures.  The absence of 

strongly protecting CO on the nanorod surface as well as the 

presence of multiple reactive twinning boundaries along the 

entire nanorod might have allowed the lateral growth of 

nanocrystallites on the Pt3Ni nanorod; while CO as a reducing 

agent was crucial in the facilitated formation of Pt3Ni nanorod 

at low temperatures, the growth of Pt phase on the surface of 

Pt3Ni was not possible in the presence of CO, leading only to 

formation of non-attached Pt nanocubes.  Close examination of 

HRTEM image in the Fig. 1d and the FFT images for the Pt3Ni 

nanorod and for the newly grown Pt crystal reveals slight 

distortion in the crystal lattice at the boundary of Pt3Ni phase 

and Pt phase due to the lattice mismatch, although the Pt 

nanocrystallites on the outermost roughened surface of the 

worm-like nanostructures seem to retain the atom packing 

behaviour of the Pt3Ni core. The newly grown Pt nanocrystals 

do not exhibit preference for a specific facet stabilization in the 

absence of {100}Pt stabilizing CO. 

The newly grown Pt crystallites on the surface of the worm-

like nanostructures in Fig. 1c, d could serve as further 

nucleation and growth sites for Pt to eventually give dendritic 

nanostructures in Fig. 1e (See ESI for synthetic details). 

Interestingly, the diameter of the formed Pt nanocrystallites is 

kept under 2 nm, guaranteeing a very high surface area of the 

resultant hierarchical heteronanostructures. Hierarchical 

nanostructure of pure Pt with an identical structural motif could 

also be prepared similarly by using axially twinned Pt nanorods 

instead of Pt3Ni nanorods (see ESI Fig. S1 for the structure and 

synthetic details).  

There are little structural differences between hierarchical 

Pt@Pt nanostructure and hierarchical Pt3Ni@Pt nanostructure. 

The only difference between the hierarchical structures of 

Pt@Pt and Pt3Ni@Pt is the presence of the lattice mismatch 

between the core and shell; not much difference is expected for 

the twinning coastline proportion in the nanostructures. 

Therefore, if there is no catalytic contribution from the lattice 

mismatch between Pt3Ni and Pt layers, there would be no 

activity difference between the hierarchical Pt@Pt 
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nanostructure and the hierarchical Pt3Ni@Pt nanostructure. To 

investigate the influence of atomic distribution, namely, core-

shell structure, and crystal twinning of the hierarchical 

nanostructure on the catalytic activity, the electrocatalytic 

properties toward methanol oxidation reaction (MOR) were 

examined for various Pt nanostructures, namely, axially 

twinned Pt nanorod, axially twinned Pt3Ni nanorod, 

hierarchical Pt@Pt nanostructure, and hierarchical Pt3Ni@Pt 

nanostructure. The Pt nanostructures-modified glassy carbon 

electrodes (GCEs) were electrochemically cleaned by scanning 

the potential between 0.0 V (vs. NHE) and 1.6 V several times 

in the electrolyte solution (0.5 M H2SO4) before obtaining 

cyclic voltammograms (CVs) in Fig. 2. The current densities, 

the mass activities, and the electrochemically active surface 

areas (ECSA) for the various nanostructures, which were 

determined by the hydrogen desorption method (See ESI), are 

shown in Table. 1. 

Fig. 2 Cyclic voltammograms of Pt nanostructures-modified GCE in 0.5 M MeOH 

+ 0.5 M H2SO4 electrolyte solution. Scan rate was 50 mV/s. 

Nanostructure ECSA Current density Mass activity 
 (m2/g) (mA/cm2) (mA/mg) 

Pt nanorod 54.7 1.05 573 

Pt@Pt 57.1 1.12 639 

Pt3Ni nanorod 1.6 0.46 7.5 

Pt3Ni@Pt 78.3 1.12 878 

Table. 1 Electrocatalytic properties of various Pt nanostructures of this study 

for MOR 

The cyclic voltammograms for the Pt nanostructure-modified 

GCE exhibited methanol oxidation peaks at ~0.8 V and ~0.6 V 

in the forward and the backward sweeps, respectively, which 

are consistent with typical methanol oxidation reaction patterns 

on Pt surface.21 The forward peak has been assigned to the 

methanol oxidation, while the backward peak stems from the 

oxidation of adsorbed CO or CO-like species generated via 

incomplete methanol oxidation. The methanol oxidation 

catalysed by Pt@Pt and Pt3Ni@Pt seems to progress 

completely as judged by the nearly identical size of forward and 

backward peaks. The hierarchically dendritic Pt@Pt and 

Pt3Ni@Pt nanostructures show enhanced mass activities over 

the Pt nanorods, which in turn exhibit much higher activity over 

{100}Pt nanocubes.22 Interestingly, Pt3Ni nanorods showed 

very little catalytic activity toward MOR. While the low 

catalytic activity of {100}Pt3Ni for ORR has been previously 

explained, it is interesting to observe a similar low reactivity for 

MOR also.23,24 Specifically, Pt@Pt and Pt3Ni@Pt dendritic 

hierarchical nanostructures show 10 % and 50 % increases, 

respectively, from that of Pt nanorods, likely due to the 

elongation of twinning coastline. The transfer of the twinning 

boundaries in the dendritic structures of this study has been 

greatly beneficial to the preservation of catalytic activity, while 

our previous attempt to form hierarchical nanostructure of Rh 

resulted only in the passivation of active sites, namely corners 

and edges.25 Furthermore, the Pt3Ni@Pt nanostructure shows 

the best performance, obviously due to the added contribution 

from lattice mismatch between the virtually catalytically 

inactive Pt3Ni nanorod and newly grown Pt crystallites. This 

result implies that the usage of cheap core nanostructure with 

surface energy elevating structural features such as twinning 

might be advantageously exploited for the transfer of crystal 

growth behaviour to result in the formation of economically 

competitive, catalytically active core-shell structures. Notably, 

chronoamperometry (CA) experiments at 0.84 V also indicated 

that the electrochemical stability of both Pt hierarchical 

structures toward MOR is superior to those of nanorods (see 

Fig. S3 in the ESI). In accordance with this observation, no 

discernible difference was observed between the surfactant 

removed Pt3Ni@Pt hierarchical nanostructure and the Pt3Ni@Pt 

nanostructure after electrochemical measurements (see Fig. S4 

in the ESI). 

There have been numerous attempts to improve the catalytic 

performance for oxygen reduction reaction (ORR), which is the 

major cathode reaction in fuel cells, by using structure-

engineered Pt and Pt alloy nanoparticles.26 Therefore, we also 

investigated the electro-catalytic properties of Pt nanostructures 

for ORR as shown in Fig. 3. 

Fig. 3 Cyclic voltammograms of Pt nanostructures-modified GCE in O2-saturated 

0.5 M H2SO4 electrolyte solution. Scan rate was 100 mV/s. 

A similar catalytic activity trend for MOR was also observed 

for ORR. Pt3Ni@Pt shows significantly enhanced (nearly 100% 

increase) current density over Pt nanorod, while Pt@Pt exhibits 

relatively small enhancement of catalytic property. It is quite 

intriguing to note similar activity enhancement reported for 

other core-shell nanoparticles with core-shell lattice 
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mismatch10-13,21,22,24 and therefore the design concept of core-

shell and thorough understanding of the nature of core-shell 

mismatch might require further investigation for the 

development of better performing ORR catalysts. The 

remaining challenge for our work is to prepare hierarchical 

core-shell structures with facet-controlled high index Pt facets, 

preferably with twinning boundaries exposed. It has been 

demonstrated that high index Pt facets are particularly useful 

for electrocatalytic applications.1,27,28 In the case of Pt3Ni 

nanoparticles, {111}Pt3Ni is most active among low index 

Pt3Ni crystal surfaces. Therefore, it is intriguing to prepare a 

hierarchical nanostructure with a core-shell mismatch as well as 

exposed {111}Pt3Ni facets. 

Conclusions 

In summary, we have successfully demonstrated a proof-of-

concept to introduce highly energetic structural features, 

namely elongated twinning boundary coastline and lattice 

mismatch, in the hierarchically dendritic nanostructures for 

enhanced electrocatalytic performances in fuel cell electrode 

applications. With the usage of axially twinned nanorods, the 

twinning properties of the nanorod surface could be epitaxially 

transferred to the newly grown crystallites. The highly 

energetic nature of twinning boundary in the substrate nanorod 

seems to provide excellent epitaxial growth sites because the 

growth of new crystallites is favourable for the 

thermodynamically desired surface energy stabilization process. 

We believe that the usage of other twinned core structures 

would lead to a group of highly active hierarchically dendritic 

nanocatalysts. In addition, facet control of the hierarchical 

nanostructures might lead to further catalytic performance 

improvement, and we are currently investigating this possibility 

also.  
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