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Abstract We have synthesized PtNi, alloy nanodendrites by a thermal decomposition method. The structure and
composition of the as-prepared samples were characterized by field-emission transmission electron microscopy (FE-TEM),
energy dispersive X-ray (EDX) spectroscopy, and X-ray diffraction (XRD). The growth mode of the PtNi, alloy samples
synthesized as a function of an intended atomic fraction of Ni was likely to be strongly affected by and reduction (or

oxidation) potentials and surface energy.
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1. Introduction

Metallic nanoparticles (NPs) have received extensive
interests due to their particular electrochemical, photo-
chemical, biochemical, and catalytic properties [1-5]. In
particular, shape-controlled metallic NPs have been syn-
thesized with 0-dimensional (cube, octahedron, trun-
cated cube, and tetrahedron) [6-10], 1-dimensional (wire,
rod, and tube) [11-13], 2-dimensional (plate and sheet),
and 3-dimensional (star, flower, and dendrite) structures
[14-17]. Among them, the dendritic and flower-like
nanostructures for electrochemical energy conversion
devices such as fuel cells and metal-air batteries have
shown much enhanced electrocatalytic activity and sta-
bility [18]. The metallic nanostructures have signifi-
cantly enhanced electrocatalytic reaction rates over those
of bulk materials. According to Xia, Wang, and Yang’s
works, Pt-based catalysts with dendritic nanostructures
have exhibited improved methanol electrooxidation and
oxygen reduction reactions because of high-index facets
such as {311}, {730}, and {830} and high surface areas
of the dendritic structures [18-20].

A variety of metallic NPs have been successfully pre-
pared by means of chemical, thermal, electrochemical,
and photochemical reduction methods [21-24]. Among
them, the thermal decomposition method is suitable for
the preparation of pure and metallic alloy NPs with
homogeneous size and shape due to a well-defined
inverse micelle structure in organic based solutions [25-
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27]. Herein, we synthesized Pt-Ni alloy nanodendrites
(PtNi,) with various elemental compositions using ther-
mal-decomposition method. The PtNi, alloy nanoden-
drites were prepared by simultaneously reducing platinum
acetylacetonate and nickel acetylacetonate in 1-octade-
cene as solvent, oleylamine, and oxalic acid at 250°C
for 2h. The long-alkane-chain amine such as oleyl-
amine was used as a main capping agent, which is
important in determining the shape and distribution of
the nanoparticles. The structure and composition of the
Pt-Ni alloy nanodendrites were characterized by field-
emission transmission electron microscopy (FE-TEM),
energy dispersive X-ray (EDX) spectroscopy, and X-ray
diffraction (XRD).

2. Experiments

The Pt-Ni alloy nanodendrites were prepared by
reducing Pt and Ni salt in organic-based solution. All
chemicals used were of analytical grade. The metal salts
for the Pt-Ni alloy NPs were dissolved in 5 mL 1-octade-
cene (C;gHsq, Aldrich) and 4.22 mL oelyamine (C,sH;;N,
Aldrich) solution as the following ratios: 4.8 mM plati-
num acetylacetonate (Pt(acac),, Aldrich) and 1.2 mM
nickel acetylacetonate (Ni(acac),, Aldrich) for Pt,Nj,
NPs, 4.5 mM Pt(acac), and 1.5 mM Ni(acac), for Pt;Ni,
NPs, 4.0 mM Pt(acac), and 2.0 mM Ni(acac), for Pt,Ni,
NPs, 3.0 mM Pt(acac), and 3.0 mM Ni(acac), for Pt;Nj,
NPs, 2.0 mM Pt(acac), and 4.0 mM Ni(acac), for Pt,Ni,
NPs, 1.5 mM Pt(acac), and 4.5 mM Ni(acac), for Pt;Ni,
NPs, and 1.2 mM Pt(acac), and 4.8 mM Ni(acac), for
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Pt,Ni, NPs. For the complete dissolution of metal salts,
the metal salt solutions were kept with continuous stir-
ring for 30 min at 70°C. On the other hand, the mixture
solution of 10.78 mL 1-octadecene and 5 mL oleylamine
containing 50.4 mg oxalic acid (C,H,0, - 2H,0, John-
son Matthey Co.) was prepared in a three-neck flask
under a nitrogen atmosphere. The mixture solution was
raised by 7°C min"' and kept for 2h at 250°C. The
metal salt solutions were injected into the mixture solu-
tion with continuous stirring and kept for 2 h at 250°C
until the metal salts were completely reduced into metal-
lic nanostructures under nitrogen atmosphere. The result-
ing black colloid solutions were rapidly cooled into
hexane indicating the formation of Pt-Ni alloy NPs.

The structure and chemical composition of the sam-
ples were characterized using FE-TEM (Philips Tecnai
F20 system operating at 200 kV) and energy dispersive
X-ray (EDX) spectroscopy. XRD analysis (Bruker D2
Phase system equipped with a Cu K|, radiation source of
A =0.15406 nm and a Ni filter) was performed to con-

firm the crystal structure of the as-prepared samples.

3. Results and Discussion

The structure analysis of the as-synthesized PtNi,
NPs was examined by FE-TEM. The PtNi, NPs exhibit
dendritic nanostructures as indicated in Fig. 1. The aver-
age sizes of Pt,Ni,, Pt;Ni,, Pt,Ni,, Pt;Ni,, Pt,Ni,, Pt,Ni,,
and Pt,Ni, NPs are ~27.7, ~21.7, ~31.4, ~40.8, ~38.2,
~32.1, and ~36.2nm, respectively. As confirmed by
EDX profiles, the elemental compositions of Pt and Ni
in the dendritic NPs are 82 and 18 at% for Pt,Ni,, 75
and 25 at% for Pt;Ni,, 70 and 30 at% for Pt,Ni,, 55 and
45 at% for Pt,Ni;, 60 and 40 at% for Pt;Ni,, 52 and 48
at% for Pt;Ni;, and 60 and 40 at% for Pt,Ni,, respec-
tively, (Fig. 1(c), (f), (i), (1), (0), (r), and (u)), indicating
the restricted Ni reduction in the present synthetic atmo-
sphere. As observed by energy dispersive X-ray (EDX)
spectra, the as-prepared PtNi, NPs show homogenous
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Fig. 1. TEM images ((a), (d), (g), (), (m), (p), and (s)), particle size histograms ((b), (e), (h), (k), (n), (q), and (t)), and EDX spectra
(), (), (), (M), (0), (r), and (u)) for Pt,Ni,, Pt;Ni,, Pt,Ni,, Pt;Ni,, Pt,Ni,, Pt;Ni;, and Pt,Ni, alloy NPs, respectively.
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Fig. 2. (a) and (b) TEM images and (c) particle size histogram of pure Pt NPs.

distributions of both platinum and nickel in the dendritic
shape. On the other hand, in the absence of Ni(acac),,
the Pt NPs exhibit polygonal shapes such as octahe-
dron, cube, and cuboctahedron (Fig. 2).

Fig. 3(a) shows XRD patterns of pure Pt, Pt,Ni,,
Pt;Ni,, and Pt;Ni;, NPs. Assuming a substitutional solid
solution between metallic phases, higher angle shift of
the XRD peaks indicates alloy formation between Pt
and Ni. The XRD peaks in the Pt Ni, NPs are shifted
into higher 20 values with increasing amount of Ni in
(220) diffraction peaks. The lattice parameters of the
Pt,Ni, NPs are given in Fig. 3(b), reflecting the degree
of alloying in the bimetallic structures. Since the radius
of Pt atom (0.139 nm) is greater than the radius of Ni
atom (0.125 nm), the crystalline lattice parameters of the
Pt,Ni, NPs decrease with decreasing elemental composi-
tion of Pt as summarized in Table 1. Until the intended

Pt atomic fraction decreases to 50 at%, the Pt,Ni, NPs
appear on a straight fitted line based on the solid solu-
tion between Pt and Ni, which means a well-defined
alloy formation between Pt and Ni in Fig. 3(b). On the
other hand, as the intended atomic fraction of Pt is less
than 50 at%, the PtNi, alloy NPs exhibit almost no
angle shift of the XRD peaks, in agreement with lattice
parameter of Pt;N,. The elemental Pt and Ni containing
in the Pt Ni, NPs are believed to be alloyed by combin-
ing EDX and XRD results.

Fig. 4 shows a plot of atomic fraction of Ni and aver-
age particle size of the as-synthesized PtNi, alloy NPs
as a function of an intended atomic fraction of Ni. Until
the intended Ni atomic fraction increases to 50 at%,
both the measured atomic fraction of Ni and average
particle size of the PtNi, alloy NPs increase. However,
as the intended atomic fraction of Ni is more than 50
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Fig. 3. (a) XRD peaks of (220) planes in the Pt Ni, NPs com-
pared with XRD reference data. (b) Plot of lattice parameter
versus Pt atomic percentage of the Pt Ni, NPs.

at%, the measured Ni atomic fraction is saturated and
average particle size of the PtNi; alloy NPs slightly
decreases. Fig. 5 shows HR-TEM images and FFT pat-

Table 1

Comparison of the lattice parameter between PtNi, alloy NPs
Samples 20 a/nm
Pure Pt 39.63 0.3939
Pt,Ni, 39.74 0.3928
Pt;Ni, 40.06 0.3898
Pt,Nj, 40.41 0.3866
Pure Ni 44.546 0.3523
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Fig. 4. Plot of the measured atomic fraction of Ni and aver-
age particle size of the PtNi, alloy NPs as a function of the
intended atomic fraction of Ni.

terns of the PtNi, alloy NPs synthesized with different
intended ratios of Ni. Until the intended ratio of Ni
increases to 50 at%, the as-synthesized Pt,Ni, alloy NPs

Fig. 5. HR-TEM images and fast Fourier-transform (FFT) patterns of (a) Pt,Ni,, (b) Pt;Ni,, (c) Pt,Ni,, (d) Pt,Ni,, (e) Pt;Ni,, and
(f) Pt,Ni; alloy NPs.
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exhibit fairly round pod-shape nanostructures with
majority {111} facets and minority {100} facets. How-
ever, as the intended atomic fraction of Ni is more than
50 at%, the as-synthesized Pt Ni, alloy NPs exhibit fairly
angular pod-shape nanostructures with dominant {100}
facets.

Considering the growth mechanism of the Pt,Ni, alloy
NPs with different intended ratios of Ni, two feasible
factors to determine a transition of the Pt,Ni, alloy NPs
are likely to be as follows: a) oxidation and reduction
potentials of Ni species and b) surface energies of low-
index facets in metallic phases such as Pt and Ni.
Firstly, according to the potential effect, standard oxida-
tion and reduction potentials of Ni species are as fol-
lows:

Ni** +2¢” > Ni’ E=-0257V 1)

The reduction of nickel ions having a negative poten-
tial value in Equation (1) is not thermodynamically
spontaneous. In contrast, the oxidation of metallic Ni
into nickel ions occurs in the present reaction contain-
ing hydroxyl ion in oxalic acid. Thus, this means that
although the intended atomic fraction of Ni is an excess
of amount, the reduced amount of Ni salts and the size
of as-prepared NPs can be limited under the same ther-
mal energy. As already observed in Fig. 4, although the
intended atomic fraction of Ni is more than 50 at%, both
the reduced Ni atomic fraction and average particle size
for the PtNi, alloy NPs are likely to be restricted due to
the potential effect. Secondly, from the view point of
surface energy of metallic phase such as Pt and Ni, the
metallic NPs synthesized by fast reduction reaction such
as a thermal decomposition process tend to thermody-
namically minimize the surface energy of NPs thus
forming crystal facets with the lower surface energy in
the nanostructures. In the case of Pt, the surface ener-
gies of {111}, {100}, and {110} facets are 1.004, 1.378,
and 2.009 eV atom ', respectively. On the other hand,
the surface energies of {111}, {100}, and {110} facets
in Ni are 0.695, 0.969, and 1.337 eV atom ', respec-
tively. When the amount of Pt increases from x=2 to
from x =4 in PtNi,, i.e. under Pt-rich synthetic atmo-
sphere, the PtNi, alloy NPs exhibit dominant {111}
facets (Fig. 3(a)~(c)). In contrast, when the amount of
Ni increases from y =2 to y =4 in Pt;Ni,, i.e. under Ni-
rich synthetic atmosphere, the Pt Ni, alloy NPs exhibit
dominant {100} facets (Fig. 3(e) and (f)). Thus, it is
concluded that the growth mode of the PtNi, alloy NPs
is strongly affected by both reduction (or oxidation)
potentials and surface energy.

4. Conclusions

We have synthesized Pt Ni, alloy nanodendrites by a
thermal decomposition method. The as-synthesized Pt,Ni,
alloy catalyst exhibited 3-dimentional dendritic struc-
ture with fairly uniform particle size and shape. In par-
ticular, the growth mode of the PtNi, alloy NPs syn-
thesized as a function of an intended atomic fraction of
Ni is likely to be strongly affected by and reduction (or
oxidation) potentials and surface energy.
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