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olymer electrolyte membrane fuel
Pcells (PEMFCs) have been intensively

studied, particularly for the powering
of portable devices."? Due to issues with the
handling of hydrogen, direct use of liquid
fuels such as small organic molecules has
been receiving great attention.” Pt is the
best catalyst of all pure metals for the
oxidation of small organic molecules; how-
ever, its high cost and low CO poisoning
tolerance severely limit the wider adoption
of Pt catalysts.® Tremendous efforts have
been made to improve the activity and
poisoning tolerance of electrocatalysts, as
well as to reduce the cost.” One direction to
achieve these goals is to control the mor-
phology (shape) of catalysts,* '°
other important direction is the preparation
of Pt-based alloys or intermetallic com-
pounds>®*''"22 to reduce the overall Pt
loading for a desired performance level. For
instance, Pt—Ru,** Mn—Pt*> Cu—Pt*
Pt;Sc,? PtsY, 2 PtsNi,'>22 PtPb, 1328 ptB;,' 113
and PtZn*® have been reported as promising
candidates of fuel cell catalysts.

Recently, intermetallic PtZn particles with
high activities toward formic acid and
methanol oxidation have been prepared
by reaction of Pt in Zn vapor.?® However,
to our knowledge, the direct synthesis of
Pt—Zn nanocrystals (NCs) has not been
achieved. In this work, we report the first
synthesis and shape control of Pt—Zn alloy
and PtsZn intermetallic NCs. Compared to
the commercial Pt catalyst, Pt—Zn NCs show
superior poisoning tolerance for methanol
oxidation while maintaining comparable
activities.

while an-

RESULTS AND DISCUSSION

For the synthesis of spherical Pt—Zn NCs,
platinum acetylacetonate [Pt(acac),] and
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We report the first synthesis of highly monodisperse Pt;Zn nanocrystals (NCs). Shape-
controlled synthesis generates cubic and spherical Pt—Zn NCs. Reaction temperature is the key
to incorporate Zn into Pt, even in the absence of a strong reducing agent. The Pt—Zn NCs are
active toward methanol oxidation, with the spherical NCs exhibiting higher activity than the
cubic NCs. The Pt—Zn alloy phase can be transformed into the Pt;Zn intermetallic phase, upon
annealing. The intermetallic Pt;Zn shows better performance than the alloy phase Pt—Zn.
Besides the activity toward methanol oxidation, Pt—Zn NCs show excellent poisoning
tolerance. With activities comparable to the commercial Pt catalyst, enhanced poisoning
tolerance and lower cost, Pt—Zn and Pt3Zn NCs are a promising new family of catalysts for

direct methanol fuel cells.
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zinc acetylacetonate [Zn(acac),] are dis-

solved in oleylamine and oleic acid, which

are used as both stabilizers and solvents.

Then, the well mixed solution is brought to

350 °C at the heating rate of 30 °C/min and  *Address correspondence to

is kept at this temperature for 30—60 min, ~Pmurray@sas.upenn.edu.

Cubic Pt—Zn NCs (Figure Ta,b and Figure ST . aived for review April 10, 2012

in Supporting Information) are made by  and accepted May 4, 2012.

adding benzyl ether, while spherical Pt—Zn . .

NCs (Figure 1¢,d) are produced in the ab- Published online May 04, 2012
10.1021/nn301583g

sence of benzyl ether. The yield of Pt—Zn

NCs is ~100% (Pt basis). From transmission  ©2012 American Chemical Society
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Figure 1. TEM images of (a,b) cubic Pt—Zn NCs and (c,d)
spherical Pt—Zn NCs. Insets in b and d are graphic models of
Pt—Zn cubic NCs and spherical NCs. The gray and blue balls
represent Zn and Pt atoms, respectively. Scale bars: (a,c)
10 nm and (b,d) 50 nm.

electron microscope (TEM) images shown in Figure 1,
the size of Pt—Zn NCs is measured to be 4.5 nm
(diameter, o < 5%) for spherical NCs and 6.9 nm
(edge length, o = 8%) for cubic NCs. The high-resolu-
tion TEM (HRTEM) images (Figure 2) indicate that both
spherical and cubic Pt—Zn NCs are single crystals with
high crystallinity. The HRTEM images also reveal an
interplanar distance of about 0.19 nm for a cubic
Pt—Zn NC (corresponding to the lattice spacing of
the Pt3Zn {200} planes) and interplanar distances of
about 0.27 and 0.22 nm for a spherical Pt—Zn NC
(corresponding to the lattice spacing of the Pt;Zn
{110} and {111} planes, respectively). The selected
area electron diffraction (SAED) pattern (Figure S1) of
the cubic Pt—Zn NCs confirms the high crystallinity and
indicates the (100) texture of the cubic Pt—Zn NCs by
an enhanced {200} diffraction. The as-synthesized NCs
are actually Pt—Zn alloys at a stoichiometry of Pt/Zn =
3:1, which is determined by both energy-dispersive
X-ray spectra (EDX) and inductively coupled plasma
optical emission spectrometry (ICP-OES). After anneal-
ing at 600 °C for 30 min, the alloy phase is converted to
the ordered intermetallic phase (AuCus structure,
JCPDS 65-3257; Figure 3 and Figure S2).

Among many reaction parameters, the temperature
of synthesis is the most important in dictating the Pt/Zn
ratio. As shown in Figure 4a, syntheses carried out in
the range of 300—330 °C produce Pt—Zn alloys with
less than 25% (mol) Zn, and below 270 °C, pure Pt NCs
are produced. The composition of final alloy products is
independent of the Pt/Zn ratio in the reaction precur-
sors, as examples (syntheses carried out at 300 °C)
shown in Figure 4b. A control experiment is performed
by decomposing Zn(acac), in oleic acid and oleylamine
(ie., in the absence of Pt). This reaction generates
wurtzite phase ZnO NCs, as shown in Figure S4. In
contrast, in the synthesis of Pt—Zn alloy NCs (i.e., in the
presence of Pt), the ZnO is never observed. Apparently,
the high reaction temperature is the key to incorporate
Zn into Pt, even in the absence of a strong reducing
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Figure 2. HRTEM images of (a) cubic Pt—Zn NCs and (b)
spherical Pt—Zn NCs. Scale bars: 2 nm.
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Figure 3. XRD patterns of (a) intermetallic phase Pt;Zn NCs
after annealing of as-synthesized cubic Pt—Zn NCs at 600 °C
and (b) as-synthesized cubic Pt—Zn NCs; (c) unit cell of
Pt3Zn.The gray and blue balls represent Zn and Pt atoms,
respectively.

agent. We have also demonstrated in a previous report
that using a high reaction temperature is an effective
way to dope the nanophosphors with rare earth
elements.>® What reduces Zn" to Zn° remains unclear
so far. Nevertheless, that high reaction temperature
can facilitate the formation of alloy or doped NCs is well
demonstrated.

The combination of oleic acid and oleylamine as
capping agent is essential to the synthesis of mono-
disperse Pt—Zn NCs. The ultrasmall NCs with an irreg-
ular shape are produced in the absence of oleylamine
(Figure S5a), and NCs with broad size distribution
are produced in the absence of oleic acid (Figure S5b).
The presence of oleylamine and benzyl ether appears to
be the key to obtain cubic Pt—Zn NCs. No cubic NCs are
found using oleic acid and benzyl ether as ligand and
solvent (Figure S5c), while a mixture of both spherical
and cubic NCs is observed when oleylamine and benzyl
ether are used (Figure S5d). Notably, using other
high boiling point solvents, such as diphenyl ether
(DPE) or 1-octadecene (ODE), also produces spherical
NCs (Figure S6).

The methanol electro-oxidation properties of the
Pt—Zn NCs are tested in 0.5 M methanol + 0.1 M
H,SO4 solution. As shown in Figure 5a, the Pt—Zn NCs
have comparable maximum methanol electro-oxida-
tion activity (current density normalized to catalyst sur-
face area) to commercial ETEK Pt catalyst. The typical
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Figure 4. Zn ratio in the product of Pt—Zn NCs is (a) dependent on reaction temperature of syntheses and (b) independent of

the Zn ratio in the precursor (reactions at 300 °C).
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Figure 5. (a) Surface area normalized activities and (b) representative polarization curves of methanol oxidation on spherical
Pt—Zn NCs, cubic Pt—Zn NCs, and ETEK Pt; (c) chronoamperometric curves of methanol oxidation on spherical Pt—Zn NCs,

cubic Pt—Zn NCs, and ETEK Pt at 0.8 V. All measurements are

methanol oxidation polarization curves for spherical
Pt—Zn NGCs, cubic Pt—Zn NCs, and ETEK Pt are shown
in Figure 5b. The current density peak in the forward
sweep is ascribed to the methanol oxidation on the
catalyst, which forms CO, CO,, and other carbonaceous
intermediates that adsorb onto the catalyst surface.
During the backward sweep, the adsorbed carbona-
ceous species are further oxidized to CO,, which con-
tributes to the current density peak around 0.65 V.
Therefore, the ratio of forward sweep current density
peak to backward sweep peak, Ji/Jp,, can be used to
describe the tolerance of catalyst to the carbonaceous
species accumulation. In Figure 5b, the ratio of Ji/J,, is
146 and 1.80 for spherical and cubic Pt—Zn NGCs,
respectively, much higher than 0.99 for ETEK Pt. In
contrast to previous studies of Pt and Pt alloys in which
cubic NCs (or {100} facets) show higher activity than
spheres (or mixture of {100} and {111} facets) in
H,50,,2>?%*" here spherical Pt—Zn NCs are shown to
exhibit better methanol oxidation activity than cubic
NCs in both H,SO,4 and HCIO,4 (Figure S8), suggesting
that the sulfate anion adsorption effect may be very
weak on the Pt—Zn surface.>>*" The chronoampero-
metric measurements further confirm that the metha-
nol oxidation activity on spherical Pt—Zn NCs is higher
than that on cubic Pt—Zn NCs (Figure 5c).

KANG ET AL.

carried out in 0.5 M methanol + 0.1 M H,SO,.

In the methanol oxidation reactions performed on a
rotating disk electrode (RDE), a current density drop
from three successive measurements after the current
density reached the maximum on ETEK Pt catalysts is
observed (Figure 6a). This current density drop is
ascribed to the poisoning of the catalyst at an acceler-
ated rate due to the fact that the RDE brings the
reactant to the electrode much faster than the pure
diffusion. However, this accelerated poisoning effect is
not observed on spherical Pt—Zn NCs supported on
carbon, on which the polarization curves of three
are nearly identical
(Figure 6b). The current drop is found neither on cubic
Pt—Zn NCs nor on spherical Pt—Zn NCs (Figure S9),
implying that Pt—Zn has higher poisoning tolerance
than pure Pt.

The methanol oxidation activities for the alloy phase
Pt—Zn and intermetallic phase PtsZn are also com-
pared. High temperature annealing (600 °C, 30 min) is
necessary to obtain the intermetallic PtsZn phase.
Considering that the morphology of cubic NCs
changes under such high temperature, the spherical
Pt—Zn NCs are used to make this comparison. The alloy
phase Pt—Zn/C catalysts are made by loading as-
synthesized spherical Pt—Zn NCs onto Vulcan XC72R
(Cabot), followed by a thermal treatment under air at

successive measurements
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Figure 6. Polarization curves of three successive RDE measurements taken on (a) ETEK Pt and (b) Pt—Zn/C, after the maximum
methanol oxidation current densities were reached. Inset of (b): magnified view of selected area in (b). All measurements are
carried out in 0.5 M methanol + 0.1 M H,SO, at a rotating rate of 2500 rpm.
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Figure 7. Polarization curves of methanol oxidation on alloy
phase Pt—Zn/C and intermetallic phase Pt;Zn/C catalysts.

210 °C to remove the organic ligands (Figure S10a,b).
The intermetallic PtsZn catalysts are prepared by an-
nealing the alloy phase Pt—Zn catalysts at 600 °C for 30
min (Figure S10c,d). As shown on Figure 7, the activities
on two catalysts are similar, while the intermetallic
phase PtsZn has a higher J¢/J,, ratio than the alloy phase
Pt—Zn, implying that the intermetallic phase has great-
er tolerance to carbonaceous poisoning than the alloy
phase of Pt—Zn. Considering the surface area loss of
the NCs as a result of sintering and coalescence at high
temperature, the intermetallic Pt3Zn could potentially

METHODS

Synthesis of Spherical Pt—Zn NGs. First, 0.08 g of Pt(acac), and
0.05 g (anhydrous basis) of Zn(acac), are dissolved in 15 mL of
oleylamine and 2.5 mL of oleic acid under N, atmosphere. The
solution is brought to 350 °C and is kept at this temperature for
30—60 min. The reaction mixture is cooled and purified by
hexane/ethanol. The final products are redispersed in hexane.

Synthesis of Cubic Pt—Zn NGs. First, 0.08 g of Pt(acac), and 0.05g
(anhydrous basis) of Zn(acac), are dissolved in 7.5 mL of oleyla-
mine, 1.25 mL of oleic acid, and 5 mL of benzyl ether under N,
atmosphere. The solution is brought to 330 °C and is kept at this
temperature for 30—60 min (Caution: strong heating power may
cause danger). The reaction mixture is cooled and purified by
hexane/ethanol. The final products are redispersed in hexane.

KANG ET AL.

have even higher activity, if optimized. Other minor
factors may also contribute to the enhaced perfor-
mance. For instance, the high temperature treatment
may slightly change the surface composition and
structure of Pt—Zn catalysts. Leaching of Zn is possible,
although it usually occurs when the concentration of
labile element (here, Zn) is equal to or higher than that
of noble element (here, Pt).3> Nevertheless, a high
temperature annealing further improves the electro-
catalytic performance of Pt—Zn nanocrystals.

CONCLUSION

In summary, we have synthesized highly monodisperse
cubic and spherical Pt—Zn NCs and the intermetallic PtsZn/C
catalyst. The Pt—Zn and Pt;Zn NCs are active toward
methanol oxidation, with the spherical NCs exhibiting
higher activity than the cubic NCs. The Pt—Zn alloy phase
can be transformed into the Pt:Zn intermetallic phase,
upon annealing. The intermetallic PtzZn shows better
performance than the alloy phase Pt—Zn. Although the
Pt—Zn NCs show lower activity toward methanol oxidation
than Pt—Mn,? Pt—Co,*® and Pt—Cu,?® the Pt—Zn NCs are
greatly advantageous in terms of excellent poisoning
tolerance and low cost of Zn. With activities comparable
to commercial Pt catalyst, enhanced poisoning tolerance
and lower cost, Pt—Zn and PtsZn NCs are a promising new
family of catalysts for direct methanol fuel cells.

Characterization. TEM images are taken on JEOL1400 TEM at
120 kV. The HRTEM image and energy-dispersive X-ray spectros-
copy (EDX) are taken on JEOL2010F TEM at 200 kV. X-ray diffraction
(XRD) patterns are obtained on a Rigaku smartlab diffractometer
with Cu Ko radiation (1 = 1.5418 A). Quantitative elemental
analyses for the composition of catalysts are carried out with both
EDX and ICP-OES on a SPECTRO GENESIS ICP spectrometer.

Electrochemical Measurements. Electrochemical measurements
are performed on a potentiostat (Epsilon, Bioanalytical Systems
Inc.) equipped with a rotating disk electrode (RDE). Ag/AgCl
electrode is used as reference electrode, and a platinum coil is
used as counter electrode. All potentials are converted to values
with reference to a normal hydrogen electrode (NHE). The
electrolyte is 0.1 M sulfuric acid if not specified. All water used
in experiments is Millipore ultrapure water (18.2 MQ).
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Preparation of Working Electrode. For commercial Pt/C catalyst
(20 wt % Pt, ETEK), an aqueous dispersion (1.5 mg/mL) is
prepared and sonicated for 60 min. Twenty microliters of the
dispersion is then transferred onto the glassy carbon RDE with a
6 mm diameter. For Pt—Zn NC catalysts, the sample is adjusted
to ~1 mg Pt/mL (based on ICP-OES measurement) and 5 uL of
the solution (in hexane) is transferred onto the RDE. The actual
loadings are determined by ICP-OES. Pt—Zn NC thin film
catalysts are treated by UV/ozone for 10 h to remove organic
capping agents before measurements.

Measurement of Catalyst Surface Area. The catalyst surface area is
determined electrochemically by adsorption—desorption of hy-
drogen between 0.05 and 0.4 V and assuming 210 xC/cm? for a
monolayer of adsorbed hydrogen on the Pt surface. All cyclic
voltammetry (CV) measurements are carried out at room tem-
perature under a flow of nitrogen gas at a sweep rate of 100 mV/s.

Measurement of Methanol Oxidation Reaction. All measurements
are carried out at room temperature in 0.1 M H,SO, (or HCIO,) +
0.5 M methanol at a sweep rate of 20 mV/s. The sweeps at
maximum current densities are recorded. Usually, the maxi-
mum current density is obtained in the first or second sweep on
ETEK Pt and in the second or third sweep on Pt—Zn NCs. The
RDE (2500 rpm) is used in the poisoning tolerance studies.
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