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Structure-controlled Pt-based catalysts have been known to exhibit improved electrocatalytic activities
due to particularly modulated surface structures favorable for alcohol electrooxidation. We report Pt-
Ni alloy dendrite structure for formic acid electrooxidation prepared by a thermal decomposition
method. The Pt-Ni nanodendrites display 3-dimentional nanostructure and homogeneous alloy
formation between Pt and Ni. In formic acid electrooxidation, the Pt-Ni alloy nanodendrite catalyst
exhibits much improved electrocatalytic activity.
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1. INTRODUCTION

Noble metallic nanoparticles (NPs) have received extensive interests due to their particular
electrochemical, photochemical, biochemical, sensor, and catalytic properties [1-5]. The shape-
controlled metal NPs have been synthesized with 0-dimensional (cube, octahedron, truncated cube, and
tetrahedron, etc.) [6-10], 1-dimensional (nanowire, nanorod, and nanotube, etc.) [11-13], 2-
dimensional (nanoplate and nanosheet, etc.), and 3-dimensional (nanostar, nanoflower, and
nanodendrite, etc.) structures [14-17]. In recent, it has been reported that shape-controlled NPs exhibits
much improved thermal, chemical, magnetic, electronic, and catalytic properties as compared to bulk
structure.

In particular, dendritic and flower-like nanostructures for electrochemical power sources have
shown much enhanced electrocatalytic activity and stability [18]. To improve the electrocatalytic
properties of metallic nanostructure catalysts, there have been many efforts to manipulate the structure
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and shape of NPs during the synthetic process. The metallic nanostructures can have significantly
enhanced catalytic reaction rates over those of bulk materials. Xia et al., Wang et al., and Yang et al.
reported that Pt-based nanostructure catalysts exhibit improved methanol electrooxidation and oxygen
reduction reaction due to high-index facets such as {311}, {730}, and {830}, and high surface area of
dendritic structures [18-20]. Furthermore, it is likely that the nanodendritic structures of Pt-based alloy
electrocatalysts can have many merits in electrochemical applications. Accordingly, the crucial factors
affecting catalytic properties in metallic electrocatalysts for fuel cell applications might be the structure
and shape of catalysts.

A variety of shape-controlled metallic NPs have been successfully prepared by means of
chemical, thermal, electrochemical, and photochemical reduction methods [21-24]. Among them, the
thermal decomposition method is suitable for the synthesis of structure-controlled noble metallic NPs
with homogeneous size and shape [25-27]. Herein, we synthesized Pt-Ni alloy nanodendrites for
formic acid electrooxidation by using thermal decomposition method. 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).
The electrocatalytic properties of the alloy nanodendrites were measured and compared using a
potentiostat.

2. EXPERIMENTAL PART

2.1. Synthesis of Pt-Ni alloy nanodendrites

The Pt-Ni alloy nanodendrites were prepared by reducing Pt and Ni salt in organic-based
solution. All chemicals used were of analytical grade. For solution of dissolved Platinum
acetylacetonate (Pt(acac),, Aldrich) and Nickel acetylacetonate (Ni(acac),, Aldrich) salt, the 5 mL 1-
octadecene (CigHsg, Aldrich) and 4.22 mL oelyamine (C1gH37N, Aldrich) solution containing 4.5 mM
Pt(acac), and 1.5 mM Ni(acac), was prepared in a 30 mL vial. For perfect dissolution of Pt and Ni salt,
the mixture solution were dissolved with continuous stirring and kept for 30 min at 70 °C. On the other
hand, the 10.78 mL 1-octadecene and 5 mL oleylamine solution containing 50.4 mg oxalic acid
(CoH204-2H,0, Johnson Matthey Co.) was prepared in a three-neck flask (50 mL) under a nitrogen
atmosphere. The mixed solutions were raised by 7 °C min™ and kept for 1 h at 250 °C. The dissolved
Pt and Ni salt solution was injected into heating solvent with continuous stirring and kept for 2 h at 250
°C until Pt and Ni salts were completely reduced under nitrogen atmosphere. The resulting colloid
solution was rapidly cooled into hexane and black colloid was observed indicating the formation of Pt-
Ni alloy nanoparticles.

2.2 Preparation of Pt-Ni alloy nanodendrites deposited on carbon black

The carbon (Vulcan XC-72R) powder was stirred in 5 M HCI solution at 50 °C for 12 h and
then washed with water and ethanol several times to remove impurity and HCI. The 50 mL colloid
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solution containing as-synthesized Pt-Ni alloy nanodendrites (24.1 mg) was putted to 30 mL of acetic
acid (2 M) and 20 mL acetone for well-depositd Pt-Ni alloy nanodendrites on carbon black and
removed the organic materials. The Vulcan XC-72R (96.4 mg) as supports were added to the solution
and mixed with continuous stirring at room temperature for 24 h. The resulting powder was
precipitated and washed with acetone, ethanol, and water to remove surfactant and impurity.

2.3. Structural analysis

For the structure analysis of the catalysts, X-ray diffraction (XRD) analysis was carried out
using a Rigaku X-ray diffractometer with Cu K, (A = 0.15418 nm) source with a Ni filter. The source
was operated at 40 kV and 100 mA. The 20 angular scan from 20° to 80° was explored at a scan rate of
3° min™". For all the XRD measurement, the resolution in the scans was kept at 0.02°. The morphology
and size distribution of the catalysts were characterized by field-emission transmission electron
microscopy (TEM) using a Tecnai G2 F30 system operating at 300 kV. TEM samples were prepared
by placing drops of catalyst suspension dispersed in ethanol on a carbon-coated copper grid. Energy
dispersive X-ray (EDX) analysis of the catalysts was performed on a field emission transmission
electron microscope (FE-TEM, Tecnai G2 F30 system).

2.4 Electrochemical analysis

Electrochemical properties of the catalysts were measured in a three-electrode cell at 25 °C
using a potentiostat (CH Instrument, CHI 700C). A Pt wire and Ag/AgCI (in saturated KCI) were used
as a counter and reference electrode, respectively. The catalyst ink was prepared by ultrasonically
dispersing catalyst powders in an appropriate amount of Millipore water and 5 wt% Nafion® solution
(Aldrich). The catalyst ink was prepared by mixing 2 mg metal of all catalysts, 150 uL of Millipore
water, 57.2 uL of 5 wt% Nafion® solution, and 500 pL of 2-propanol solution (C3HgO, Sigma). The
catalyst ink was dropped onto a glassy carbon working electrode (area ~ 0.0706 cm?). After drying in
50 °C oven, total loading of catalyst was 20 pg cm™. To evaluate electrocatalytic activities of the as-
prepared catalysts, CVs were obtained between -0.2 to +1.0 V in Ar-saturated 0.1 M HCIO, + 2 M
HCOOH with a scan rate of 50 mV s™ at 25 °C. The electrochemical active surface areas (EASAS) of
the Pt catalysts were measured by integrating hydrogen desorption regions (assuming 210 pC cm?ofa
polycrystalline Pt electrode) in 0.1 M HCIO, solution.

3. RESULTS AND DISCUSSION

The structure analysis of the as-synthesized Pt-Ni NPs was carried out by FE-TEM. The Pt-Ni
NPs exhibit fairly uniform dendritic shape as indicated in Fig. 1(a). As shown in high-resolution TEM
(HR-TEM) images of Fig. 1(b), it is observed that the Pt-Ni nanodendrites are grown along multi-pod
nanostructure. Furthermore, in Fig. 1(c), a line scanning profile across a Pt-Ni nanodendites by energy
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dispersive X-ray (EDX) spectroscopy shows a homogenous distribution of both platinum and nickel in
the dendritic shape. As confirmed by the EDX, the Pt-Ni nanodendites are alloy particles containing
73.6 at% of Pt and 26.4 at% of Ni. This represents that the Pt-Ni nanodendrites are homogeneous alloy
structure consisting of platinum and nickel in the dendritic NPs, prepared by complete reduction of
metal salts for an intentional ratio of platinum to nickel. The average size of the Pt-Ni alloy
nanodendrites are ~21.7 nm in Fig. 1(d).

Pt.Ni, NPs
Avg. size
21.7nm

0 10 20 30 40 50 19 20 21 22 23 24 25 26

Distance / nm Particle size / nm

Figure 1. (a) FE-TEM and (b) HR-TEM image of the Pt-Ni alloy nanodendrites. (c) A line scanning
profile across a Pt-Ni nanodendites. (d) Particle size distribution of the Pt-Ni alloy
nanodendrites.

Figure 2. () A HR-TEM and (b-d) HR-TEM images of nanobranches in the Pt-Ni alloy nanodendrite.
The insets indicate the FFT patterns of the Pt-Ni alloy nanodendrites.
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Fig. 2(a) displays a HR-TEM image of a Pt-Ni alloy nanodendrite grown with multi-branches.
As indicated in Fig. 2(b-d), the individual Pt-Ni alloy nanobranches appear crystalline structures with
highly ordered branches. The exposed nanobranches consist of {111}, {200} and high-index {311}
facets. The corresponding fast Fourier transform (FFT) patterns (the insets of the Fig. 2(b-d)) represent
that the Pt-Ni alloy nanobranches are single nanocrystals enclosed by {111}, {200}, and {311} facets.
Interestingly, the nanostructure catalysts with high-index facets such as {311} have exhibited much
improved electrocatalytic activity and stability in electrochemical power sources [28]. Thus, it is
expected that the Pt-Ni alloy nanodendrites can show much improved electrocatalytic properties in

formic acid electrooxidation.

Figure 3. (a) FE-TEM and (b) HR-TEM images of Pt-Ni alloy nanodendrites deposited on carbon
black (Vulcan XC-72R).
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Figure 4. (a) The Wide-range XRD patterns and (b) the diffraction peak of (220) plane of D-Pt-Ni/C.

For electrochemical analysis, we prepared the Pt-Ni alloy nanodendrites deposited on carbon
black (denoted as D-Pt-Ni/C). As shown in Fig. 3, the Pt-Ni alloy nanodendrite catalysts are well
dispersed on carbon support (Vulcan XC-72R). The Pt-Ni alloy nanodendrites appear no aggregation
or etching during deposited process. The XRD peaks of the D-Pt-Ni/C at 39.804°, 46.329°, and 67.654°
correspond to (111), (200) and (220), respectively, of a face centered cubic (fcc) crystal structure (Fig.
4(a)). The broad peak at around 25° is associated with (002) plane of the carbon black. In the case of
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(220) plane of the D-Pt-Ni/C, the diffraction peak shows an evident positive angle shift of ~0.2° in
comparison with reference data of Pt (JCPDS No. 04-0802) (Fig. 4(b)). The positive angle shift in the

XRD peak of the D-Pt-Ni/C reflects well-defined alloy formation between Pt and Ni in the Pt-Ni
dendrite nanostructure catalyst [29].
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Scheme 1. Relationship of lattice parameters of Pt, Ni, Pd, and Pt3Nij.

The Pt- or Pd-based catalysts for electrooxidation reaction of formic acid have exhibited the
enhanced electrochemical properties such as lower on-set potential and higher current density than
other catalysts [30,31]. Recently, Osawa et al. observed the role of the bridge-bonded adsorbed

formate in the electrocatalytic oxidation of formic acid on catalyst surface using time-resolved surface-
enhanced infrared absorption spectroscopy [32-34].
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Figure 5. Voltammograms of (a) D-Pt-Ni/C and (b) S-Pt/C in 0.1 M HCIO,4 with a scan rate of 50 mV
st at 25 °C. (c) CVs of D-Pt-Ni/C and S-Pt/C in 0.1 M HCIO, + 0.2 M formic acid with a scan
rate of 50 mV s™. The loading amount of metal catalyst on the electrode is 20 pg cm™.

In particular, the major key for an enhanced electrocatalytic activity is surface structure or
lattice parameter of catalysts because of bridge-bonded adsorption of formate during oxidation reaction
of formic acid on catalyst surface. Scheme 1 shows correlation between Pt-Ni alloy and pure Pd as a
function of lattice parameters of metals. The lattice parameter of pure Pt (3.939 A) is larger than that of
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pure Pd (3.893 A). If Pt atoms are alloyed with metal atoms of smaller size, the lattice parameter of the
Pt-based alloy is reduced and similar to that of pure Pd. Herein, we selected Ni (3.523 A) having an fcc
structure as a 2" metal for the control of surface structure. As already confirmed in XRD data, the
lattice parameter of Pt3Ni; alloy (3.898 A) is similar to that of pure Pd. Thus, it is expected that the as-
prepared Pt3Ni; alloy nanodendrites can exhibit improved electrocatalytic properties in formic acid
oxidation reaction in comparison with pure Pt.

To identify electrochemical properties of the catalysts, cyclic voltammograms (CVs) were
obtained in 0.1 M HCIO,4 in Fig. 5(a and b). The voltammograms of the as-prepared catalysts for
formic acid electrooxidation are shown in Fig. 5(c). In the voltammograms, the D-Pt-Ni/C indicates
much lower onset potential than spherical Pt/C (denoted as S-Pt/C (E-TEK, Co.)). Furthermore, the D-
Pt-Ni/C exhibits the more negative peak potential than the S-Pt/C. In the formic acid electrooxidation
on Pt surface, two oxidation peaks appear at ~0.30 and ~0.70 V during the positive potential scan
between —0.1 and 0.8 V. The formic acid electrooxidation on Pt-based catalysts has been widely
investigated as a model of electrocatalytic reactions. The reaction mechanism of the formic acid
electrooxidation is typically described by direct or step pathway. The first anodic peak at around 0.3 V
corresponds to direct electrooxidation of formic acid to CO,, which is greatly affected by the poisoning
of the electrode surface due to the adsorption of the reaction intermediate (CO,q). The second anodic
peak at 0.70 V corresponds to the oxidation of the CO,q generated during the dissociative adsorption
step [33,35].

Direct electrooxidation: HCOOH — HCOO, — CO, + H" + e~
Indirect electrooxidation : HCOOH — Co,q + H,0 — CO, + 2H" + 2e-

The D-Pt-Ni/C shows an improved 1% anodic current density (0.905 mA cm™) in comparison
with the S-Pt/C (0.208 mA cm®). The ratio of 1% to 2" anodic current density of the D-Pt-Ni/C is 3.51
times higher than that of the S-Pt/C. It is likely that the improved electrochemical properties of the D-
Pt-Ni/C can result from alloy formation favorable to the electrooxidation and nanostructure with high-
index facet. Thus, it is expected that the D-Pt-Ni/C may be a promising anode catalyst for formic acid
electrooxidation based on acidic electrolyte.

4. CONCLUSIONS

We have synthesized Pt-Ni alloy nanodendritic catalyst for formic acid electrooxidation by a
thermal decomposition method. The as-synthesized Pt-Ni alloy catalyst exhibited 3-dimentional
dendritic structure with fairly uniform particle size and shape. The lattice parameter of the Pt-Ni
catalyst similar to that of pure Pd could be controlled. In the formic acid electrooxidation, the Pt-Ni
dendritic catalyst with high-index facet and well-defined alloy formation between Pt and Ni showed
highly improved electrocatalytic properties.
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