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Platinum nanoparticle catalysts are essential for achieving energy-
efficient and greener chemical processes that involve breaking or
establishing of H—H, C—H, or O—H bonds.* For example, Pt
nanoparticles exhibit excellent catalytic activity in oxidative de-
hydrogenation reactions.? Carbon-supported Pt nanoparticles are
among the most feasible catalysts for oxygen reduction reaction in
fuel cells?

To prepare such Pt nanoparticles, nearly al synthetic methods
followed a bottom-up strategy, that is, Pt precursory molecules
(precatalysts) arefirst reduced into Pt atoms, which then grow into
polyatomic particles.* In contrast, the counter-strategy in nanoma-
terials synthesis, namely a top-down strategy, has been largely
overlooked for preparation of Pt nanoparticles. In this report, we
demonstrate an innovative top-down method to prepare the sup-
ported Pt nanoparticles (<2 nm), starting directly from bulk metallic
Pt to bypass many complications in the synthesis methods using
Pt precursors.® Consequently, our method can avoid chloride
contamination, which will likely cause the loss of catalytic activity.®
Furthermore, our method involves no stabilizing agents, which
otherwise need to be removed in the solution-based bottom-up
strategy to free the catalytic sites.” Finally, the Pt nanoparticles
can be transferred to any nonaqueous solid support to avoid the
harsh pretreatment of the support materials,® or the trapping of Pt
catalysts in the deep cracks of solid support materials.®

As depicted in Scheme 1, liquid lithium was used as a solvent
to dissolve bulk Pt into nanoscale nuclel at elevated temperature.
A tip ultrasonic homogenizer was employed to facilitate the
solvation of Pt in Li. The liquid 0.99Li—0.01Pt alloy (equivalent
to 22 wt % Pt) was then quenched into a solid solution. Figure 1a
and b showed Pt mapping image by an energy dispersive X-ray
(EDX) detector and its corresponding EDAX analysis. The results
suggest a microscopic homogeneity of Pt content inthe Li—Pt aloy.
Next, Li in the Li—Pt solid solution was converted into LiOH
powder via a controlled gas—solid reaction 2Li (s) + 2H,0 (g) —
2LiOH (s) + H () at 100 °C, which prevents the aggregation of
the as-formed Pt nanoparticles. However, it should be noted that
the safe handling of Li is required due to the reactivity of lithium.

Extended X-ray absorption fine structure (EXAFS) spectroscopy
was used to determine the local atomic structure around Pt atoms
and to evaluate Pt particle size in LiOH at a macroscopic level.
The EXAFS spectra of Pt in LiOH and bulk Pt foil are shown in
Figure 2a

Figure 2b shows the corresponding Fourier transformed (FT)
spectra. Essentially all the features of the bulk metallic Pt foil are
reproduced by the Pt—LiOH mixture in the EXAFS and FT spectra,
which indicates that the Pt content in LiOH is in the metallic state.
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Scheme 1. Top-Down Synthesis of Supported Pt Nanoparticles
from the Li—Pt Solid Solution
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However, the peak intensities for Pt in LiOH are weaker than those
of the bulk Pt foil. This implies a decrease in the average
coordination numbers of Pt content embedded in Pt—LiOH, and
therefore, strongly suggests the presence of Pt nanoparticles with
a significant fraction of undercoordinated surface Pt atoms.*® The
EXAFS data was further analyzed using the Ifeffit package™* as
summarized in Table 1, assuming that the coordination number and
Pt—Pt bond length for bulk Pt are 12 and 2.76 A, respectively.*°

To estimate the mean particle size using EXAFS, we employed
the method described by Calvin et. al,*? in which they assumed
that the coordination numbers of spherical nanoparticles are reduced
by afactor of 1—-0.75(r/R) + 0.0625(r/R)° relative to abulk crystal,
where R is the radius of the particle and r is the Pt—Pt bond
length.*® Using the near-neighbor (NN) distance and reduction in
coordination number obtained from the EXAFS analysis (see Figure
$4 in Supporting Information), the estimated diameter of our Pt
nanoparticlesin LiOH is ~1.7 + 0.2 nm. The bond-length disorder
(i.e., 0 in the as-formed Pt nanoparticles by the top-down method
is comparable to the bulk foil, (laz(particle) — 02 (bulk)ll Oz(bu”() < 30/0)
We believe that the Pt nanoparticles prepared by the top-down
method are just nanochips of the bulk Pt so that they inherit the
disorder of bulk Pt .

The Pt in LiOH powder was then ground with untreated carbon
black as an example to represent any water-insoluble support
materials. The mixture was rinsed with copious amounts of water
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Figure 1. (8 Pt EDS mapping image of afreshly cut 0.99Li—0.01Pt solid
solution and (b) its corresponding EDS profile.

J. AM. CHEM. SOC. 2010, 132, 2151-2153 m 2151




COMMUNICATIONS

oo P foll
a i, —PtinLiOH

k ATy

N, W
(=)

<. Pt foll
b i —Ptin LIOH

N
=)
T

[x(R)] (A-2)
B

-
o
T

ol
o

o

R (A)

Figure 2. (&) The EXAFS spectra of Pt in LiOH and a Pt foil and (b) the
EXAFS Fourier-transformed (FT) to R-space. The results suggest the average
Pt particle sizeis 1.7 4+ 0.2 nm.

Table 1. Parameters of Pt—LiOH and Pt Foil Obtained from
EXAFS

parameters relative to theory Pt in LIOH Pt foil
NN coordination number 0.76 + 0.05 1.01+0.03
relative to theory
bond length (A) 2.730 £+ 0.002 2.757 £+ 0.001
bond length disorder 0 (A2  0.0049 + 0.0002  0.0052 4 0.0001

under ambient condition to selectively leach off the LiOH, allowing
Pt nanoparticles to be adsorbed on the neighboring carbon support.

The resulting carbon-supported Pt nanoparticles were character-
ized by scanning transmission electron microscopy and transmission
electron microscopy (STEM/TEM). STEM high-angle annular dark-
field (HAADF) image (Figure 3a) shows significantly brighter
contrast on the particles against that of supporting media, indicating
that these particles consist of the atoms with significantly higher
atomic numbers.*® EDS indicates only Pt and carbon are present
(Figure S2, Supporting Information). Figure 3b shows a typical
bright-field TEM image, which demonstrates that the particle size
of the as-formed Pt nanoparticlesis around 2 nm (dark spots), with
a narrow size distribution as shown in Figure 3c (see also Figure
S5, Supporting Information). This is in good agreement with
EXAFS results for Pt nanoparticles in LiOH, indicating that the
aggregation of Pt nanoparticles is minimized during the replacement
of the support from LiOH to carbon black. This is important to
maintain the high catalytic properties of the as-formed Pt
nanoparticles.

According to the Li—Pt binary phase diagram (Figure S1,
Supporting Information),™ Li—Pt liquid alloy is obtained at
temperature above 200 °C with Pt content of 1 at % (~22 wt %)
in this study. To avoid any possible formation of intermetallic
compounds during the cooling process, the Li—Pt liquid solution
was rapidly solidified to form a metastable Li—Pt solid solution.
Miyazaki et a. revealed that the critical minimum size of precipitate
in the vicinity of the edge of the miscibility gap of a binary alloy
is extremely sensitive to the aloy composition around the phase
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Figure 3. (a) Representative HAADF STEM image of Pt particles on
carbon black. (b) Representative bright-field TEM image of Pt nanoparticles
(15 wt %) on carbon black (c) Histogram of particle size diameters 1.9 +
0.3 nm.

boundary.*® Hence, the key to achieving small Pt nanoparticles is
to set the Li—Pt composition away from the phase boundary. In
our case, 1 at % Pt is far away from the phase boundary of LisPt.
The observation of Pt nanoparticles (<2 nm) from STEM/TEM and
EXAFS analysis does support the presence of the very small Pt
nuclei in the Li—Pt aloy. It should also be mentioned that the use
of ultrasound efficiently facilitates the solvation and dispersion of
the Pt nanoparticles in the liquid lithium solvent.

A primary electrocatalytic characterization for oxygen reduction
reaction (ORR) was conducted to investigate the catalytic property
of the carbon-supported Pt nanoparticles. The prepared Pt/C
nanoparticles (with 15% Pt) were dispersed in water by sonication
and the formed suspension was deposited on a glassy carbon
electrode. The loading of Pt was controlled to be 15 uge/cm? disk.
Typical hydrogen desorption/adsorption peaks at potentials <0.4
V (vsreversible hydrogen electrode, RHE) are observed in the cyclic
voltammogram (CV), as shown in Figure 4a, based on which the
electrochemical surface areawas calculated to be 2.8 cm?,*® which
was used to normalize the electrode current for specific activity.
Figure 4b shows the specific activity based on the polarization curve
measured by rotational disk electrode (RDE) (Figure S3, Supporting
Information). At 0.9 V vs RHE, the catalytic activity of our Pt/C
sample reached 0.53 mA/cm?, which has aimprovement factor close
to three compared with the benchmark for commercial Pt/carbon
catalyst in the literature.® The enhanced catalytic activity is likely
due to the unique top-down synthetic approach which produces
nanoparticlesinheriting more characteristics of the bulk Pt material,
which is well-known to possess higher specific activity than Pt
nanoparticles.™” In addition, the stability of the catalyst is compa-
rable with commercial Pt/C catalysts with the same size. The
diminishment of crystal defects in these nanoparticles could
substantially enhance the durability of the catalyst against the
nanoparticles prepared by bottom-up approaches of the same size.
Asan evidence, CV shown in Figure 4 was recorded at 100th cycle,
and the voltammogram was stable with this number of cycles.
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Figure 4. Electrocatalytic characterization of ultrasmall Pt/C prepared by
the solid solution method, () cyclic voltammogram, and (b) specific activity.
The benchmark shown in (b) is cited from ref 3.

Finaly, it should be noted that Schrinner et a. recently reported
the synthesis of Pt nanocrystals (2—4 nm) by partial dissolution of
Au—Pt nanoalloys in lethal cyanide solutions.*® Their method is
fundamentally different from ours, since their starting material is
Pt—Au nanoparticles prepared from the conventional precursory
method. More importantly, our method used no toxic agents, and
it is flexible in the choice of support materials and free of
contaminants.

In summary, we have prepared Pt nanoparticles with size less
than 2 nm through an unique top-down strategy using liquid Li as
a solvent to break down bulk Pt. We previously showed that Pd
can aso be evenly dissolved in liquid Li.*° Thus, this top-down
strategy can potentially be used for syntheses of supported
nanoparticles of other platinum group and noble metals, since Li
forms liquid alloys with Pd, Ru, Rh, Ir, Au, Ag at relatively low
temperatures.®®
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