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Dendritic Pt-based alloy nanostructures have been known to exhibit improved electrocatalytic properties due to their
particularly modulated surface and electronic structures favorable for alcohol oxidation and oxygen reduction reactions.

We prepare the Ptlr alloy nanoparticles NPs with a dendritic shape as a three-dimensional structure for enhanced ethanol

oxidation reaction (EOR) and oxygen reduction reaction (ORR) by thermal-decomposition in the presence of cetyltrimethyl-

ammonium chloride (CTAC) as a surfactant agent. The Ptlr alloy dendritic nanostructures show a well-defined alloy

nanostructure with three-dimensional structures analyzed using TEM, XPS, and XRD. In particular, the Ptlr alloy

nanostructures exhibit 2.74 times higher electrochemical active surface areas (EASAs) than commercial Pt/C. Also, in EOR,

the PtIr alloy dendritic electrocatalyst indicates excellent electrochemical properties, including high I¢/l, ratio and current

density, great negative on-set potential, and good electrochemical stability compared to commercial Pt/C electrocatalyst.

In addition, the Ptlr alloy dendritic electrocatalyst exhibits enhanced electrochemical activity and stability i.e., 3.19 times

higher specific mass-kinetic activity than commercial Pt/C electrocatalyst, and a reduction of 8 mV of half-wave potential

in ORR. The improved electrochemical activity and stability of the Ptir alloy dendritic electrocatalyst in EOR and ORR are

ascribed to dendritic structures, the surface state of the electrocatalyst, and the controlled electronic structure due to the

Ir atoms

Introduction

Metallic platinum (Pt) is well known as the most effective
electrocatalyst for fuel oxidation and oxygen reduction
reactions in low-temperature fuel cells.*® Despite
electrochemical activity for oxidation and reduction in fuel

its

cells, polycrystalline Pt electrocatalyst has exhibited critical
problems such as high cost and low specific electrocatalytic
at:tivity.“'8 In particular, due to the enhanced electrocatalytic
activity and reduced cost, the surface modification, alloy
formation, the Pt-based
electrocatalysts have been intensively studied.”™* Among
these studies, the alloy nanostructures could show much

and core-shell structure in

improved specific electrocatalytic activity in fuel oxidation and
oxygen reduction reaction compared to pure Pt electrocatalyst
by alloying 2nd metallic elements such as Pd'*®, | 16’17, Snls,
Rulg, Fezo, and Co.?! In the case of fuel oxidation reactions, Pt-
based alloy electrocatalysts have exhibited an enhanced
activity due to a dual-functional effect and downshift of the d-
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in the alloy phase.

band center of the pure Pt electronic structure resulting in a
reduced generation rate of intermediate species during the
reactions.?>?3 Furthermore, an enhanced electrocatalytic
activity of Pt-based alloy electrocatalysts for oxygen reduction
reaction may be attributed to the modified electronic and
with  2nd metallic materials Pt

structures in

24,25

surface
structures.

Of the 2nd metallic elements, iridium (Ir) has been well
subcatalyst Pt-based alloy
electrocatalysts for ethanol oxidation and oxygen reduction
reactions in acidic electrolytes. In the case of EOR, Ir has
exhibited excellent electrochemical properties (i.e., facile
breaking of C-C bond and CO-tolerance effect), based on
analysis and density functional theory
calculations. Furthermore, an improved electrocatalytic
activity of Ptlr alloy electrocatalysts for ORR due to the
geometric factor has been intensively studied by alloying the
degree between Pt and Ir atoms and coverage of OH on the Ir
surface at a greater negative potential than that of Pt
surface.””?® In contrast, the spherical Ptlr NPs have an
enhanced initial electrochemical activity for both EOR and
ORR; however, low electrochemical stability is observed due to
the serious aggregation of NPs during the electrochemical

known as an effective in

electrochemical
26,27

reactions. In particular, zero- to three-dimensional Pt-based
nanostructures with controlled surface structures for EOR and
ORR have been developed to improve the electrochemical
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properties of the electrocatalysts due to favorable facets such
as low-index or high-index.zg'36 Furthermore, among Pt-based
nanostructures, dendritic and flower-like nanostructures with
three-dimensional for electrochemical power
sources have shown much enhanced electrocatalytic activity
and stability due to high surface area of dendritic structures
and favorable exposed facets.>”?® Thus, three-dimensional Ptlr
alloy nanostructures with dendritic, star,
shapes have been proposed to improve electrochemical
properties; i.e., enhanced specific activity and stability for EOR
and ORR.

Herein, we synthesized the Ptlr alloy dendritic NPs with
three-dimensional structures for enhanced EOR and ORR using
a thermal-decomposition in the presence of CTAC. The
morphology and structure of the as-prepared NPs were
characterized using field emission transmission electron
microscopy (FE-TEM) and X-ray diffraction (XRD). The chemical
states and elemental compositions of the as-prepared NPs
were characterized using X-ray photoelectron spectroscopy
(XPS), energy dispersive X-ray spectroscopy (EDX), and
inductively coupled plasma mass spectrometry (ICP-MS). The
electrochemical and electrocatalytic properties of the as-
prepared electrocatalysts in EOR and ORR were obtained using
a typical electrochemical cell with a potentiostat.

structure

and flower-like

Experimental Section
Synthesis of the Ptir alloy dendritic nanostructures

The PtIr alloy dendritic NPs were prepared by reducing Pt and
Ir salt in an organic-based solution in the presence of CTAC as a
surfactant agent. All chemicals used were of analytical grade.
The solution containing 5 mL 1-octadecene (90%, Aldrich) and
4 mL oleylamine (70%, Aldrich) with 4.5 mM Pt(acac), (97%,
Aldrich) and 1.5 mM IrCl3-H,0 (99.9%, Aldrich) was prepared in
a 30 mL vial. The metal salt solution was kept at 70 °C for 30
min with continuous stirring. The solution containing 10 mL 1-
octadecene (90%, Aldrich), 2 mL oleylamine (70%, Aldrich), 2
mL oleic acid (65~88%, Aldrich), and 2 mL CTAC (25%, Aldrich)
was prepared in a three neck flask (50 mL) under a nitrogen
atmosphere. The mixed solution was kept for 30 min at 250 °C.
The previously prepared metal salt solution was injected into
the mixed solution with continuous stirring and kept for 3 h at
250 °C until the metal salts were completely reduced under
nitrogen atmosphere. The resulting black colloid solution was
rapidly cooled by placing the product into hexane.

Preparation of carbon-supported Ptlir alloy electrocatalyst

For acid treatment of carbon black, Vulcan XC-72R as a carbon
support was kept in the mixed sulfuric/nitric acids at 80 °C for
12 h under vigorous stirring and then washed with water and
ethanol several times to remove impurities. The as-prepared
Ptir alloy NPs were dispersed in the deionized water containing
dispersed carbon powder and then, (40 wt%) deposited on the
as-treated carbon black after the addition of 5 ml 0.5 M H,SO,
(95%, SAMCHUN). To completely remove the remaining

2| J. Name., 2012, 00, 1-3

impurities, the product was maintained in a 30 ml acetic acid
solution (99.7%, SAMCHUN) at 80 °C for 12 h. The resulting
precipitate was washed with acetone, ethanol, and water to
remove impurities and dried in an oven at 50 °C.

Preparation of carbon Ptir

electrocatalyst

supported spherical alloy

The spherical Ptir alloy (40 wt%) deposited on carbon black
was prepared by simultaneously reducing Pt and Ir salts using
a NaBH, reduction method. For smaller size and good
dispersion of Ptlr NPs on carbon black, we used poly (vinyl
pyrrolidone) (PVP, Mw 29,000, Aldrich) as a surfactant agent.
The carbon black powder was homogeneously dispersed in
deionized water and then H,PtClg:xH,0 (99.995%, Aldrich),
IrCl3:xH,0 (99.9%, Aldrich), and PVP were dissolved in the
solution with continuous stirring for 30 min. After 30 min,
NaBH4 solution as a reductant with an excess amount was
added to the metal salt solution with continuous stirring at 25
°C for 2 h. Finally, the resulting precipitate was several times
washed with acetone, ethanol, and deionized water and then
dried in an oven at 50 °C.

Structural and chemical analysis

The morphology and size distribution of the electrocatalysts
were characterized using an FE-TEM (Tecnai G2 F30 system)
operating at 300 kV. TEM samples were prepared by placing
drops of electrocatalyst suspension dispersed in ethanol on a
carbon coated copper grid. EDX analysis of the electrocatalysts
was performed on an FE-TEM (Tecnai G2 F30 system). For the
structure analysis of the electrocatalysts, XRD analysis was
carried out using a Rigaku X-ray diffractometer with Cu Ka (A =
0.15418 nm) source with a Ni filter. The source was operated
at 40 kV and 100 mA. The 26 angular scan from 20° to 80° was
explored at a scan rate of 3° min-1. For all the XRD
measurements, the resolution in the scans was kept at 0.02°.
XPS (Thermo Scientific, K-Alpha) analysis was carried out with
the Al Ka X-ray source of 1486.8 eV at the chamber pressure
below 1 x 10 Torr and 200 W beam power. All high resolution
spectra were collected using a pass energy of 46.95 eV. The
step size and time per step were chosen to be 0.025 eV and
100 ms, respectively. Both ends of the baseline were set
sufficiently far to avoid distorting the shape of the spectra,
including the tails. A small variation of the range of the base
line did not affect the relative amount of fitted species (less
than 1%). The C 1s electron binding energy was referenced at
284.6 eV and a nonlinear least squares curve fitting program
was employed with a Gaussian-Lorentzian production function.
Also, the elemental compositions of Pt and Ir in the as-
prepared electrocatalysts were measured using an inductively
coupled plasma mass spectrometry (ICP-MS, Optima-4300 DV,
45 PerkinElmer).

Electrochemical analysis

The electrochemical properties of the as-prepared
electrocatalysts in EOR and ORR were measured in a three-

electrode cell at 25 °C using a potentiostat (Eco Chemie,
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AUTOLAB). The electrocatalyst inks were prepared by mixing
the electrocatalyst (10 mg), de-ionized water (150 pL),
isopropyl alcohol (500 uL), and 5 wt% Nafion solution (58 pL).
The glassy carbon working electrode was coated with 0.5 pL of
the electrocatalyst inks and dried in a 50 °C oven. The total
metal loading of the electrocatalyst in all the samples was
40 pg cm;‘ital. In addition, Pt wire and Ag/AgCl (in saturated 3
M KCI) were used as counter and reference electrodes,
respectively.  Cyclic  voltammograms (CVs) of the
electrocatalysts were obtained in Ar-saturated 0.1 M HCIO,
and 0.1 M HCIO, + 0.2 M C,HsOH with a scan rate of 50 mV st
at 25 °C. The CO-stripping voltammetry was measured using
CO-saturated 0.1 M HCIO, solution. To evaluate the
electrocatalytic stability, the electrocatalysts were kept at 0.5
V (vs. Ag/AgCl) for 7200 s in 0.1 M HCIO,4 + 0.2 M C,HsOH and
CVs were then obtained in 0.1 M HCIO4 + 0.2 M C,H;OH after
the stability test. The oxygen reduction current—potential
curves were obtained using linear sweep voltammograms
(LSVs) at various rotation speeds at 1600 rpm in O,-saturated
0.1 M HCIO, solution by sweeping the potential from 0.8 to 0 V
(vs. Ag/AgCl) at a scan rate of 5 mV st The stability test in ORR
was carried out by applying linear potential sweeps for 2000
cycles between 0.4 and 0.9 V (vs. Ag/AgCl) with a scan rate of
50 mV s™ in 0,-saturated 0.1 M HCIO, solution at 25 °C. The
oxygen reduction current-potential curves after the stability
test of the electrocatalysts were obtained by sweeping the
potential from 0.8 to O V (vs. Ag/AgCl) at a scan rate of 5 mV st
and rotation disk speed of 1600 rpm. All potentials were
calibrated with respect to the reversible hydrogen electrode
(RHE).39’4O

Results and Discussion

For EOR and ORR electrocatalysts, we synthesized the Ptir
alloy nanostructures by reducing Pt and Ir salts in the presence
of CTAC as a surfactant agent in an organic solvent using a
thermal decomposition method. The average size and yield of
the as-synthesized Ptlr NPs are ~58.2 nm and over 99 %,
respectively (Fig. 1la and Fig. S1b). As shown in the high-
resolution TEM (HR-TEM) image of Figure 1b, the Ptir NP
exhibited a three-dimensional dendritic structure, which has a
polycrystalline indicated by the fast
transform (FFT) patterns in Fig. Sla. The monodispersed size
distribution with a high yield of the Ptir NPs results from the
presence of CTAC as a surfactant agent in the synthesis. On the
other hand, the Ptir NPs synthesized in the absence of CTAC
show a poly-dispersed size distribution and irregular shape
without a homogeneous assembly between Ptir NPs (Fig. S2).
Thus, it is likely that, in the case of the present synthetic
approach, CTAC as a surfactant could prevent aggregation
among the dendritic-like Ptlr NPs, forming pores via the
induced inverse micelle structures. Recently, it was reported
that metallic nanostructures synthesized using a secondary
added surfactant agent such as PVP and hexadecylpyridinium
chloride monohydrate in organic solution exhibit a uniform
size and shape with a homogeneous distribution without any

structure Fourier

This journal is © The Royal Society of Chemistry 20xx

aggregation.“’42 Similarly, in our synthetic process in the
presence of CTAC, the uniform dendritic shape of Ptlr NPs may
be attributed to the induced inverse micelle structures and
formed spherical void by the self-assembly of CTAC in the
thermal decomposition method (Fig. S3). To confirm an
elemental distribution in the Ptlr NPs, the line scanning
profiles of a single NP were obtained using EDX analysis (Fig.
1c). The Ptir NP showed a well-defined alloy phase and
homogenous atomic distribution of both Pt and Ir in the
structure. Furthermore, as shown in Fig. 1d, elemental
mapping images of the Ptlr dendritic nanostructure were
obtained using high-angle annular dark-field scanning TEM EDX
(HAADF-STEM-EDX) spectroscopy. It is evident that the Ptir
nanostructure contains a homogeneously mixed phase of Pt
(yellow) and Ir (red) in the single NP. As confirmed by the EDX
spectrum in Fig. 1le, the elemental compositions of Pt and Ir in
the Ptlr NPs are 87.5 and 12.5 at%, respectively. Also, as
confirmed by ICP-MS, the elemental compositions of Pt and Ir
in the as-prepared Ptlr NPs are 88.3 and 11.7 at%, respectively.
According to TEM and EDX analysis, it is expected that the Ptir
alloy dendritic NPs could hold the improved electrocatalytic
properties in EOR and ORR because of the homogeneous alloy
phase and dendritic nanostructure with both a high surface
area and electrochemical active sites.

In  particular, to the
electrochemical properties of the Ptlr alloy NPs on the carbon
black (denoted as d-Ptir/C, Fig. S4) for the EOR and ORR, we
synthesized spherical Ptlr alloy nanostructures deposited on
carbon black (denoted as s-Ptlr/C) using a borohydride
reduction method with PVP as an additive agent compared to
commercial Pt/C (40 wt%, E-TEK Co.) (denoted as Pt/C). The
average particle size of the metal electrocatalysts in the s-
Ptir/C and Pt/C is ~4.2 and ~4.3 nm, respectively (Fig. 2). From
the EDX analysis, the elemental compositions of Pt and Ir in
the as-prepared s-Ptlr/C are 89.5 and 10.5 at%, respectively
(Fig. S5). In addition, the elemental compositions of Pt and Ir in
the s-Ptlr/C confirmed by ICP-MS are 87.8 and 12.2 at%,
respectively.

Fig. 3a shows XRD patterns of the d-Ptlr/C, s-Ptir/C and
Pt/C. The XRD pattern of the d-Ptlr/C contains diffraction
peaks corresponding to (111), (200), and (220) of a typical
face-centered cubic crystal structure with a higher diffraction
angle shift in comparison with Pt reference data. Furthermore,
the average particle and/or grain sizes of the as-prepared
catalysts can be estimated from the Debye-Scherrer equation.
The grain size of the dendritic structure of the d-Ptir/C is ~4.94
nm. The particle size of s-Ptlr/C and Pt/C is ~3.42 and ~3.16
nm, respectively, which is in good agreement with the TEM
data in Fig. 2. Assuming a substitutional solid solution between
metallic phases, the higher angle shift of the XRD peaks means
a well-defined alloy formation between Pt and Ir. Furthermore,
based on Vegard’s law using the equation of dpy, = X-dp; + (1-X)
-d;,, the elemental compositions of Pt and Ir atoms in d-Ptir/C
and s-Ptlr/C are 87.9 and 12.1 at% and 89.3 and 10.7 at%,
respectively, which is in good agreement with the EDX
analysis.3’15

characterize structural and
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The chemical states and elemental compositions for the d-
Ptir/C were obtained by XPS in comparison with s-Ptlr/C and
Pt/C as shown in Figure 4. The Pt 4f;;, and 4fs), peaks typically
appear at ~71 and ~74 eV, respectively, with a theoretical area
ratio of 4:3. The Pt 4f;;, peaks in the as-prepared NPs consist
of metallic and oxide states; i.e., the peaks for Pto, Pt2+, and
Pt* at ~71.3, ~72.5, and ~74.2 eV, respectively (Figure 4a-c).
Interestingly, the chemical phases of Pt in the d-Ptlr/C and s-
Ptir/C exhibited a higher metallic state ratio than that in s-Pt
NPs because the nitrogen atmosphere during our synthesis
process can be protected from oxidative etching and surface
oxidation reaction of the metallic electrocatalysts. On the
other hand, the Ir 4f;,, and 4fs,, peaks typically appear at ~61
and ~63 eV, respectively, with a theoretical area ratio of 4:3.
The Ir 4f peaks consist of metallic and oxide states, i.e., the
peaks for Ir°, Ir**, and Ir** at 60.9, 61.9, and 62.8 eV,
respectively (Figure 4d and e). In particular, the metallic states
of Pt and Ir in the d-PtIr/C exhibited a much higher portion of
over 60% compared to Pt/C (40%) (Figure 4f). Furthermore,
the elemental compositions of Pt and Ir in the as-prepared
Ptir/C electrocatalysts measured using XPS are as follows: 90.2
at% of Pt and 9.8 at% of Ir in the d-PtIr/C, 91.3 at% of Pt and
8.7 at% of Ir in the s-PtIr/C. From the XPS analysis, the d-Ptir/C
and s-Ptlr/C would be expected to improve electrochemical
activity in EOR and ORR in comparison with the Pt NPs due to
the high alloying according to a highly metallic state of Pt and
Ir. 26284345 Also, according to Hwang et al. the change of
electronic structure among both Pt and Ir in the alloy phase
can induce a downshift of the d-band center of the Pt
electronic structure, resulting in enhanced electrochemical
properties in comparison with pure Pt electrocatalyst.46 By
comparing the EDX, XRD, XPS, and ICP data, it can be
concluded that the d-PtIr/C and s-PtIr/C hold a homogeneous
distribution of Pt and Ir atoms in both the bulk and surface of
the alloy dendritic NPs, as shown in Fig. S6.

To characterize the electrochemical properties of the as-
prepared electrocatalysts (d-Ptlr/C, s-Ptlr/C, and Pt/C) in an
acid solution, the CVs of the as-prepared electrocatalysts in Ar-
saturated 0.1 M HCIO, were obtained as shown in Fig. 5a. The
EASAs of the electrocatalysts were measured by integrating
the charges on the H,,4 adsorption/desorption region.n'12 The
EASA of the d-PtIr/C (71.05 m? g'l) was much higher compared
to s-Ptir/C (34.67 m? g'l) and Pt/C (25.96 m? g'l) due to the
three-dimensional dendritic nanostructure of the d-Ptir (Fig.
5e). To characterize the electrochemical activity of the as-
prepared electrocatalysts for EOR, CVs were obtained in 0.1 M
HCIO, + 0.2 M C,HsOH, as shown in Fig. 5b-d. The onset
potentials of the electrocatalysts in EOR were measured by
comparing the CVs in 0.1 M HCIO, with or without 0.2 M
C,Hs0OH, as shown in the insets of Fig. 5b-d. In particular, the
onset potential of the d-Ptlr/C (0.341 V) in EOR is much lower
than the s-Ptir/C (0.344 V) and Pt/C (0.353 V), indicating the
improved electrocatalytic activity of the d-Ptir/C for EOR. The
maximum current densities at the forward scan of the d-Ptir/C,
s-Ptlr/C, and Pt/C are 13.76, 8.19, and 6.22 mA cm'z,
respectively. The improved EOR activity of the d-Ptlr/C might
result from the three-dimensional dendritic-like nanostructure

4| J. Name., 2012, 00, 1-3

and the dominant surface metallic phases of Pt and Ir.%” In
reactions, Goodenough et al.
suggested the anodic peak in the reverse scan might be
attributed to the removal of the incompletely oxidized
intermediate species formed in the forward scan.”’ Hence, the
ratio of the forward anodic peak current density (lf) to the
reverse anodic peak current density (l) (i.e., I¢/l,), can be used
to describe the tolerance of the electrocatalyst to the
accumulation of intermediate species during ethanol
electrooxidation.”® The I;/1, ratios of the d-Ptlr/C (1.55) and s-
Ptir/C (1.54) were approximately 1.2 times greater than that of
Pt/C. Accordingly, the relatively enhanced electrochemical
activity of both Ptir alloy electrocatalysts (d-Ptlr/C and s-Ptir/C)
implies a more complete ethanol electrooxidation reaction
than pure Pt electrocatalyst due to facile breaking of C-C bond
in the alloy structure formed by adding Ir. Recently, Hwang et
al. reported that Ir in Ptlr electrocatalyst could assist in the
removal of adsorbed CO species from the Pt surface during
alcohol electrooxidation reaction.*® Besides, to characterize
CO-tolerance of the as-prepared electrocatalysts, CO oxidative
stripping voltammetry was performed as shown in Fig. S7. The
d-Ptir/C and s-PtIr/C electrocatalysts exhibited much lower on-
set potential toward CO-oxidation than the Pt/C
electrocatalyst. This suggests that the enhanced EOR activity
and CO-tolerance of the both Ptir/C electrocatalysts might
result from bifunctional effect by Ir into Pt alloying phase.
Furthermore, to evaluate the electrocatalytic stability of the
electrocatalysts in EOR, a plot of oxidation current versus time
(Chronoampero-metry, CA) for the as-prepared
electrocatalysts was obtained in 0.1 M HCIO, + 0.2 M C,Hs0H,
as indicated in Fig. S8. The d-Ptlr/C maintained a much higher
initial and final current density of 0.44 mA cm™in comparison
with s-Ptlr/C and Pt/C (0.31 and 0.07 mA cm?, respectively).
After the EOR stability test, in particular, the current density
(3.55 mA cm'z) of the d-Ptlr/C at 0.65 V in CVs of ethanol
oxidation slightly decreased; i.e., the reduction of 24.5% from
the initial value (4.70 mA cm'z) (Fig. 5f)). In contrast, the s-
Ptir/C and Pt/C supported quite low current densities and thus
showed the current reduction of 52.8% and 45.2%,
respectively, after the stability test. This implies that the d-
Ptir/C exhibited much improved electrocatalytic activity and
stability for EOR due to a stable dendritic nanostructure and
high EASA compared to s-Ptlr/ C and Pt/C.

To characterize the electrochemical properties of the as-
prepared electrocatalysts for ORR in acid electrolyte, we
measured the ORR electrochemical activity in O,-saturated
HCIO, solution using LSVs at 1600 rpm (Fig. 6a-c). The current
density (1.28 mA cm'z) of the d-Ptlr/C based on the geometric
area of glassy carbon at 0.6 V was much higher than that of s-
Ptir/C and Pt/C. Furthermore, Fig. 6d exhibits the specific area-
kinetic activity curves (Potential vs. Ji area) Of the as-prepared
electrocatalysts based on the EASAs. In the high potential
ranges, the order of the specific area ORR activity of the as-
prepared electrocatalysts is d-Ptlr/C > s-Ptlr/C > Pt/C. In
particular, the d-Ptlr/C exhibited much higher specific area
kinetic current density than the s-Ptlr/C and Pt/C (Fig. 6e).
Also, the specific mass-kinetic current density (Jy mass) of the d-

alcohol electrooxidation
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Ptir/C (58.3 A g'lpt) at 0.85 V was ~3.43 times higher than that
of the Pt/C (17.0 A g-1Pt). Furthermore, Fig. 6a-c shows the
ORR measurements before and after the stability test between
0.3 and 1.0 V with a scan rate of 5mV s™ in 0,-saturated 0.1 M
HCIO,. In the case of half-wave potentials (E;/,), the d-Ptlr/C
and s-Ptlr/C exhibited a slight decrease of ~8 and ~11 mV,
respectively, whereas Pt/C exhibited a significant decrease of
~36 mV. The d-PtIr/C and s-Ptlr/C showed a slight reduction of
size and almost the same morphology after the stability test in
Fig. S9, maintaining a much improved electrocatalytic activity.
In contrast, after the stability test, the Pt/C exhibited a non-
uniform distribution due to instability of metal
electrocatalysts resulting in a deteriorated catalytic activity. As
a result, it can be concluded that the d-Ptir/C exhibits much
improved electrocatalytic activity and stability for EOR and
ORR due to the alloy dendritic nanostructure with high EASA
compared to the s-Ptlr/C and Pt/C. However, since the
composition control in Pt-based alloy nanostructures for the
enhanced electrochemical properties is another important
factor, the further works will be carried out to confirm the
effect of composition in the Ptir alloy dendritic nanostructures
on electrocatalytic properties of ethanol oxidation and oxygen
reduction reactions.

size

Conclusions

We prepared the Ptlr alloy dendritic NPs as an electrocatalyst
for EOR and ORR using a thermal decomposition method in the
presence of CTAC. The as-synthesized Ptlr NPs exhibited a well-
defined alloy structure between Pt and Ir with a dendritic-like
shape and over 99% yield. Furthermore, we found remarkably
improved electrochemical activity and stability of d-Ptlr/C in
EOR and ORR; i.e., an improved specific current density, kinetic
activity, and electrochemical stability due to a dendritic
nanostructure with high EASA, homogeneous alloy bulk and
surface composition, and dominant metallic state. Thus, the d-
Ptlr/C electrocatalyst is expected to be suggested as a
promising candidate in both direct ethanol fuel cells and
proton exchange membrane fuel cells.
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(a) FE-TEM and (b) HR-TEM images of the PtIr alloy dendritic nanostructures. (c) Line-scanning profile
across the Ptlr alloy dendritic nanostructures. [The inset indicates the HAADF-STEM image of the Ptlr alloy
nanostructures for line-scanning profiles] (d) HAADF-STEM image of the PtIr alloy nanostructures and STEM-
EDX element maps for the Pt and Ir. (e) EDX spectrum of the PtIr alloy dendritic nanostructures.
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(a and b) FE-TEM images of the s-PtIr NPs deposited on carbon black. (c) Particle size distribution of s-PtlIr
NPs. (d and e) FE-TEM images of the Pt NPs deposited on carbon black (E-TEK, Co.). (f) Particle size
distribution of the Pt/C NPs.
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(@) Wide-range XRD patterns of the d-PtIr/C, s-PtIr/C, and Pt/C in comparison with XRD reference data of Pt
(red) and Ir (blue). (b) The diffraction peaks of (220) planes in the electrocatalysts are compared with XRD
reference data of Pt (JCPDS No. 04-0802) and Ir (JCPDS No. 87-0715).
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spectra in (d) d-PtIr/C and (e) s-PtlIr/C. (f) Comparison of chemical states and ratios of Pt 4f and Ir 4f
spectra of the as-prepared NPs measured and calculated from the XPS fitting data.
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(a) CVs of the d-PtlIr/C s-PtlIr/C, and Pt/C in Ar-saturated 0.1 M HCIO4 with a scan rate of 50 mV-s-1 at 25
oC. CVs before and after the stability test of the (a) d-PtlIr/C, (b) s-PtIr/C, and (c) Pt/C electrocatalysts in
0.1 M HCIO4 + 0.2 M C2H50H. The insets indicate CVs in 0.1 M HCIO4 (blue line) and 0.1 M HCIO4 + 0.2 M
C2H50H (black line) of the as-prepared electrocatalysts. (e) Comparison of EASAs, If/Ib, and maximum
current density of forward scan (If,max) of the d-PtlIr/C s-PtlIr/C, and Pt/C with a scan rate of 50 mV-s-1 at
25 oC. (f) Comparison of current density of the as-prepared electrocatalysts before and after stability test at
0.65 V.
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before and after stability test.
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The Ptlr alloy dendritic nanostructures with high surface area exhibit superior electrocatalytic
properties in ethanol oxidation and oxygen reduction reactions.



