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ABSTRACT: A relationship between the size of metal
particles and their catalytic activity has been established over
a nanometer scale (2—10 nm). However, application on a
subnanometer scale (0.5—2 nm) is difficult, a possible reason
being that the activity no longer relies on the size but rather
the geometric structure as a cluster (or superatomic)
compound. We now report that the catalytic activity for the
oxygen reduction reaction (ORR) significantly increased when
only one atom was removed from a magic number cluster
composed of 13-platinum atoms (Pt;3). The synthesis with an
atomic-level precision was successfully achieved by using a
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dendrimer ligand as the macromolecular template strictly defining the number of metal atoms. It was quite surprising that the
Pt), cluster exhibited more than 2-fold catalytic activity compared with that of the Pt;; cluster. ESI-TOF-mass and EXAFS
analyses provided information about the structures. These analyses suggested that the Pt;, has a deformed coordination, while
the Pt;; has a well-known icosahedral atomic coordination as part of the stable cluster series. Theoretical analyses based on
density functional theory (DFT) also supported this idea. The present results suggest potential activity of the metastable clusters
although they have been “missing” species in conventional statistical synthesis.

B INTRODUCTION

Metal nanoparticles are extensively used as catalysts or for gas
storage because they provide excellent performance together
with a reduced requirement for precious elements such as Pt,
Rh, or Pd." Platinum particles are especially important for fuel
cell technology. However, it is believed in the fuel-cell
community that smaller platinum particles (<2 nm) are not
suitable for oxygen reduction reaction (ORR) catalysis.”> On
the basis of this simple idea, platinum nanoparticles are thought
to be at the limit of their catalytic performance. Despite this
common notion, some researchers and us reported that much
smaller particles (clusters) have a better catalytic performance
for the ORR*® Such contradictory claims suggest that the
catalytic activity no longer depends on the particle size but on
other factors. To design more catalytically active nanoparticles,
a deeper insight into the particles with respect to their structure
and properties is very important. To date, three different
approaches have been employed to synthesize these small
nanoparticles. (1) A conventional methods from metal ions
with appropriate supporting materials, surfactants, or polymer
bonds through a solution-phase reduction or the solvothermal
direct synthesis of nanoparticles are widely used for various
applications.*” In principle, this procedure is inevitably
accompanied by a considerable polydispersity in the number
of atom elements composing each particle. (2) The mass-
selected cluster approach by gas-phase synthesis enables a
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perfect monodispersity in the number of atoms.® However, the
available amount of the clusters is far below the requirement of
the catalytic applications. (3) The ligand-assisted approach
occasionally produces ultrafine metal clusters with a completely
defined structure in a solution.”'® However, this method
strongly depends on the inherent stability of special clusters
(often called magic-number clusters). In addition, such a
ligand-protected cluster has lost its catalytic activity because the
active surface is almost completely covered.

In contrast, a template approach using a discrete macro-
molecular ligand is effective for the preparation of size-
controlled nanoparticle catalysts.'" Especially, phenylazome-
thine dendrimer ligands as an improved template allow one to
define an unambiguous number of atoms in one particle
(cluster)®'* because the dendrimer can precisely assemble
metal ions by controlling their molecular-level formula based
on a stoichiometric adjustment."® This synthetic breakthrough
has provided a significant advantage in that the number of the
metal atoms can be preprogrammed by the dendrimer structure
and the metal/dendrimer stoichiometry regardless of the
resulting cluster stability. By this approach, we can obtain a
novel cluster composition even if it deviated from the stable
magic number.
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Figure 1. Schematic representation of the size-selective synthesis of platinum clusters. DPA-TPM and DPA-PyTPM were used as the template

ligands for Pt;, and Pt;; clusters, respectively.

Previous investigations of cluster catalysts all assumed a
stable series such as that based on the topological magic
number structure (e.g, Pt;; Ptss..) with high symmetry.
Therefore, how different is the activity between the symmetric
stable clusters and misshapen nonmagic number clusters? We
can now access both clusters by the robust template approach.
For example, our previous result of an ultrafine Pt;, cluster
exhibiting an exceptionally high performance would be a
suitable research target to understand the real ORR activity of
the platinum clusters.” We have also prepared a Pt,;, which is
known to be a stable magic number cluster. Comparing these
two clusters with respect to the structure and catalysis would
provide the origin of the high catalytic performance of platinum
clusters and some important knowledge to find other missing
“hot” nanoparticles.

B EXPERIMENTAL SECTION

Synthesis of Pt;,. To a solution (3 gmol L™, 1 mL) of DPA-TPM
(fourth-generation dendritic phenylazomethine with a tetraphenyl-
methane core)'* in a dehydrated mixed solvent (chloroform/
acetonitrile = 1/1) was added a platinum chloride (3 mmol L™, 12
uL) solution in dehydrated acetonitrile. The mixture was stirred for 1
h to complete the complexation under a dry nitrogen atmosphere. A
10 pL aliquot of a freshly dissolved NaBH, solution (10 mg in 1 mL of
methanol) with H, gas evolution was then quickly added to a stirred
solution of the complex. The resulting solution containing the Pt;,
cluster after a slight color change was used for the experiments.
Because the cluster without any stabilization by a support easily
aggregates, the solution should be used as quickly as possible.

Synthesis of Pt;5. To a solution (3 gmol L™}, 1 mL) of DPA-
PyTPM (fourth-generation dendritic phenylazomethine with a
triphenylpyridylmethane core)'® in a dehydrated mixed solvent
(chloroform/acetonitrile = 1/1) was added a platinum chloride (3
mmol L™, 13 uL) solution in dehydrated acetonitrile. The following
procedure is the same as the preparation of the Pt, cluster.

Determination of the Cluster by ESI-TOF-MS. To a resulting
solution of Pt;, or Pt;; pure carbon monooxide gas (atmospheric
pressure) was introduced and stirred for 3 min. The filtered solution
was then quickly injected into a mass spectrometer (Bruker,
micrOTOF II or Waters, LCT Premier) through a syringe pump at
the flow rate of 10 uL s™". The spectra were measured in the negative-
ion mode, which was calibrated with an ESI-L. Low Concentration
Tuning Mix (Agilent Technologies Co.). To modulate the
fragmentation of the carbonyl (CO) ligands, we adjusted the
capillary-exit voltage (Bruker) or the cone voltage (Waters). The dry
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gas flow rate and other miscellaneous parameters were adjusted to
maximize the intensity of the target ion peaks.

XAFS Data Acquisition. XAFS was measured in transmission
mode at the BL12C at the Photon Factory of the Institute of Material
Structure Science, National Laboratory for High Energy Physics
(KEK-IMSS-PF, Tsukuba, Japan). The electron storage ring was
operated at 2.5 GeV—400 mA. Synchrotron radiation from the storage
ring was monochromatized with Si (111) channel-cut crystals.
Ionization chambers filled with Ar(15%)—N,(85%) mixed gas and
Ar were used as detectors monitoring incident X-rays (I,) and
transmitted X-rays (I), respectively. The angle of the monochromator
was calibrated by using Pt foil, the inflection point of which at the edge
was set at 11558.2 eV. To reduce the correlation between coordination
numbers and the Debye—Waller factor, all measurements were carried
out at 30 K. Curve-fitting analysis was carried out as described in
Supporting Information.

The platinum cluster samples supported on carbon powder were
prepared as follows. To the resulting solution of Pt;, or Pt;; was added
graphitic mesoporous carbon powder (Aldrich). The amount of
mesoporous carbon was adjusted to 1.0 weight% of the platinum
loaded on the carbon materials. The suspensions were then stirred for
10 min followed by an ultrasonic process for 30 min. Finally, each
powder as carbon-supported platinum clusters was obtained by
filtrations of the suspension. Most of the platinum clusters should be
supported on the carbon because no significant amount of the
platinum was detected in the filtrate.

Electrochemical Measurements. Electrochemical measurements
were performed by a multipurpose electrochemical workstation (ALS-
750b, CH Instruments). A glassy carbon disk electrode (& 6.0 mm)
was used as the working electrode. The electrode surface was polished
with diamond and alumina paste and then rinsed in methanol with
ultrasonication prior to use. An Ag/AgCl electrode in 3 mol L!
NaCl,; and a platinum coil were used as the quasireference and
counter electrodes, respectively. Cyclic voltammetry (CV) and
rotating disk voltammetry (RDV) measurements were carried out in
an aqueous HCIO, solution (0.1 mol L"), which was thoroughly
bubbled with O, or N, gas prior to the measurements. During the
measurements, the atmospheric conditions were kept constant with
flowing O, or N, gas. For each cluster sample, the solution was cast on
the electrode and then dried under vacuum. The variation in the
amount of the solution was 1—10 uL. The weight of the platinum
element on the electrode was calculated from the concentration and
the volume used for the casting. The kinetic limiting current density
was calculated using the Koutecky—Levich equation as previously
reported.”

DFT Calculations. All DFT calculations were performed using a
DMol3 module within Material Studio 6.0 (Accerlys). The GGA-
RPBE functional for the exchange and correlation was used. The DNP
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3.5 (double numerical and polarization basis set provided with the
Material Studio) was employed as the basis set. We used preset values
defined as the “fine” option for the integration accuracy, SCF
tolerance, and orbital cutoff quality. The core electrons were treated as
effective core potentials. Each cluster model was optimized by
minimizing the energy by the DFT calculation. The oxygen binding
energies were calculated on each 3-fold hollow site on the surface of
the resulting Pt cluster model. The O atom was always kept at a
distance of 2.07 A from the three neighboring Pt atoms without the
geometry optimization.

General. HAADF-STEM images were collected using a trans-
mission electron microscope (JEOL, JEM-2100F). The supported
clusters (Pt, or Pt,3) were deposited on an elastic carbon film with a
Cu mesh (Nisshin EM Co.). X-ray photoelectron spectra (XPS) were
obtained using an instrument (Ulvac-phi, ESCA1700R) with Mg Ka
radiation. For the XPS measurement, gold powder was deposited on a
glassy carbon substrate (Tokai Carbon Co., Ltd.) as the internal
reference with the cluster sample, and the Au 4f,/, (83.8 eV) peak was
used to offset the electron binding energy.

B RESULTS

Catalytic Activity. The Pt,; cluster was synthesized using a
dendrimer having a pyridyl-triphenylmethane core (DPA-
PyTPM)" as a special template suitable for the ssynthesis of
Pt;; via a similar procedure for the Pt;, cluster.” Chemical
reduction by sodium borohydride (NaBH,) quickly afforded
the resulting cluster compound (Pt;, and Pt;;) from the
corresponding precursor as metal complexes (12PtCL,@DPA-
TPM and 13PtCL,@DPA-pyTPM) of platinum tetrachloride
(Figure 1). The as-synthesized clusters in solution were
promptly cast on glassy carbon electrodes (GCE) used for
the electrochemical analysis to clarify the amount of the
modified platinum species. The perfect removal of NaCl or
boron compounds by simple rinsing with water was not proven.
Instead, we synthesized these two cluster catalysts (Pt;, and
Pt,;) using the same amount of reducing agent under the same
conditions. The reproducibility was carefully checked to
eliminate the effect by unexpected impurities. Therefore,
these impurities might have the same effect on each cluster.
The oxygen reduction reaction (ORR) catalytic activity of these
clusters was obtained as the kinetic-limiting current values by
rotating disk voltammetry (RDV) measurement using the
modified GCE together with the calculation by the Koutecky—
Levich equation (Figure SI, Supporting Information).” A
minimum amount of the platinum catalyst was modified (max.
30 ng on the GCE) because the observed catalytic current
should be significantly below the diffusion limit to clarify the
kinetic limit. The slope of the relationship between the kinetic
current and amount of the modified platinum indicated the
mass activities of Pt;, and Pt;;. Unexpectedly, the Pt;, cluster
exhibited more than a 2-fold mass activity of the Pt;; cluster
even though the difference in the number of platinum atoms is
only 1 (Figure 2). The possible fractions of the surface atoms
for Pt;, and Pt; are both at least 92%. This idea suggests that
the contribution by the surface area fraction is negligible. Thus,
the result indicates a significant transition in the property from
Pt;; to Pt;,, which might induce changes in the geometry or
characteristics of the active sites. As described in a previous
report,” Pt;, has a higher mass activity than Pt,g and Ptg,.
Meanwhile, Pt;; exhibited a catalytic activity lower than that of
the larger ones. These contrasting observations suggest that the
catalytic activity no longer depends on the size of the clusters
but rather the specific structures for the given number of metal
atoms.
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Figure 2. ORR catalytic activities of platinum clusters (Pt,, and Pt,;).
ORR mass activities of the clusters having a different number of
platinum atoms. Pt;, and Pty; significantly deviated from the expected
values based on an increase in the surface fraction. (Inset) Kinetic
current densities of Pt;, and Pt;; calculated using the Koutecky—
Levich equation for different amounts of clusters modified on the
electrode.

Confirmations of One-Atom Controlled Clusters. In
the present case, the size of these clusters could be confirmed
by HAADF-STEM (Figure 3).'° However, the difference

Figure 3. HAADF-STEM images of clusters. (a) Pt;, and (b) Pt;5
supported on mesoporous carbon (1 wt % Pt). Inset pictures are the
high magnification images of each focused cluster.

between the size of Pt;, and Pt;; clusters was too small to
discuss. On the contrary, mass spectrometry is suitable to
obtain direct evidence about the number of metal atoms
because the clusters were almost monodisperse.'”” We
attempted a ligand-exchange approach'® to detect the clusters
with tightly binding surface molecules. This trial was successful
when we employed carbon monooxide (CO) as the ligand. Just
after the synthesis of the platinum clusters (Pt, or Pt;;) under
a nitrogen atmosphere, pure carbon monooxide gas (1 atm)
was quickly introduced to the reaction vessel and then stirred
for 3 min at room temperature. The resulting mixture was
expeditiously injected into an ESI-TOF-MS for the negative-ion
measurement. As previously reported,'” reconstructions of the
cluster core were observed in our experiment, producing Chini-
type cluster ions ([Pt;,(CO),,]*”) within several minutes after
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the gas substitution.”® Therefore, we conducted the sampling of
the ligand-exchanged clusters with the least dead time and
ignored the small amount of reconstructed species as the Chini-
type cluster at m/z = 1506. The most intense peak was found at
m/z = 1394.83 (negative mode) for the Pt;, cluster
accompanying many isotope peaks all with 0.5 Da intervals,
typical of divalent anion clusters (Figure 4). This spectrum was
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Figure 4. Negative-mode ESI-TOF-MS of the ligand-exchanged
carbonyl clusters. The spectra were taken with as-prepared cluster-
containing solutions (chloroform/acetonitrile = 1/1) after exposure to
CO gas (3 min). The clusters were detected as dianion species, which
were determined by the isotope patterns shown in the inset figures. (a)
Ptyy, (b) Pty

completely matched with the theoretical isotope pattern of the
[Pt;,(CO)y6)>" cluster ion. When the capillary-exit voltage was
increased, the intensities of the fragmentation peaks of the
carbonyl (CO) ligands increased due to the higher collision
energy during the flight in a low-vacuum chamber (Figure S3,
Supporting Information).”' For the Pt;; cluster, the typical
peaks at m/z = 1477.76 were observed, which were attributed
to [Pt;35(CO);5]*". It should be noted that the number of
cluster valence electrons (CVE) of ligand-saturating
[Pt;5(CO)5]* is calculated to be 162, which completely
agreed with the CVE of the previously reported icosahedral Pt,;
cluster determined by a crystallographic analysis."® This
number is also known as the typical CVE for various
icosahedral gold clusters.””** In the present case, the structure
of the Pt,; cluster is, therefore, thought to be icosahedron, one
of the most stable forms of magic number clusters.
Interestingly, [Pt;,(CO),s]>~ has more carbonyl ligands than
[Pt;;(CO),5]* despite the smaller number of metal atoms.
This fact indicates a less symmetric structure of the Pt;, with a
smaller number of internal Pt—Pt bonds.

Structural Analysis. While the ESI-TOF-MS analysis
provides information about the entire structure (molecular
weights and formulas), XAFS (XANES and EXAFS) reflects
information about the valence electrons and local structure
around the platinum atoms such as the Pt—Pt distances or
coordination numbers.** For the transmission-mode measure-
ment, we employed a mesoporous carbon as the support, to
which a 1 wt %(Pt) amount of the clusters (Pt;, and Pt;;) was
adsorbed just after the synthesis (Figure S). These low-
temperature measurements (30 K) were carried out at both the
Pt L, (XANES and EXAFS) and Pt L, (XANES) edges.
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Figure 5. XAFS spectra of Pt,,, Pt; supported on mesoporous carbon
(1 wt % Pt), and Pt foil (bulk). (a) Pt Ly-edge and (b) Pt L,-edge
XANES spectra. (c) k*>-weighted EXAFS. (d) Fourier transforms of the
k*-weighted EXAFS.

The XANES spectra were analyzed to evaluate both the
electronic structure and the interaction between the clusters
and dendrimers. The observed band structure of the Pt L; edge
showed that both Pt;, and Pt;; clusters were similar to that of
Pt foil except dampening in amplitude, which is a general trend
of nanoclusters. Another feature is the peak top energies of the
Pt clusters shifted only 0.9 eV to higher photon energy region.
For oxidized Pt species such as Na,Pt(OH),, the peak top
energy is shifted to ~1.9 eV. In addition, white-line intensities
at the edges are substantially weak relative to the oxidized
species. Considering the energy resolution (0.5 eV) of XANES
spectra, the clusters are thought to still be metallic but not
oxidized. We assumed that the influence by the dendrimer
coordination on electronic structures of the Pt clusters is not so
considerable. Similar trends were also observed in the Pt L,
edge. The calculated unoccupied d-electron states™ were
estimated to highlight the difference between two Pt clusters.
We found that they were apparently electron deficient relative
to Pt bulk, but no significant difference between the Pt clusters
was observed. The X-ray photoelectron spectra (XPS) also
showed the similarity at the Pt4f,, peaks (Figure S2,
Supporting Information).

In sharp contrast, the observed EXAFS spectra showed
apparently different features. Noteworthy is that the oscillation
amplitude of Pt,, is weaker than that of Pt,;. Another important
feature is that the fine structures at around k = 8—10 A™" are
not identical. It assumes that the local structures of the two
clusters would be different. Curve-fitting results only by the first
Pt—Pt shell (Table 1) provided reasonable coordination
numbers (N) and interatomic distances (r). The observed N
values of the Pt clusters agreed well with those estimated from

dx.doi.org/10.1021/ja405922m | J. Am. Chem. Soc. 2013, 135, 13089—13095



Journal of the American Chemical Society

Table 1. Curve-Fitting Results for the EXAFS Data®

sample
Pt foil®
Pt),
Pt

bond
Pt—Pt
Pt—Pt
Pt—Pt

Nb
12
54 +£09
7.8 £ 12

r/AC AEy/eV? Ac /1073 A2¢ Ry/%"
2.77 n/a n/a n/a
2.74 £ 0.01 8.6 + 2.1 8.5+ 0.1 19.5
2.74 + 0.01 112 + 1.8 9.8 £ 0.1 10.7

“Fourier transform region is limited for Ak = 3—15 A™", Fourier filtering region is limited Ar = 1.75—3.04 A for Pt;,, Ar = 1.65—3.04 A for Pt,;.
bCoordination number of the shell. “Interatomic distance. “Difference in the edge position. “Debye—Waller factor. JR; factor. £Crystallographic data.
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Figure 6. Volcano plots and free-energy diagrams for the oxygen reduction reaction by Pt catalyst. (a) Kinetic current density (jx) plotted as a
function of the calculated oxygen adsorption energy (AE,). All data are shown relative to Pt. The volcano line (dash) and the plots (white circle) for
the Pt-based transition metal alloys were from ref 31. The predicted jx values based on the calculated AE, for each nonequivalent 3-fold hollow site
on Pt;,(C,,) were plotted as blue circles. The AE, values for Pt;5(icos) were out of the range (—1.0 eV) of this diagram. (b) Optimized geometric
structures of Pt;,(C,,), Pt;5(icos), and the FCC (face-centered cubic) nanoparticle assumed in this investigation. (c) A diagram of the relation

between the particle size and the relative oxygen binding energy (AE,).

the particle sizes.” Assuming the presence of light elements
(we employed carbon atoms) near the surface platinum atoms,
the qualities of the curve fitting (R; values) were significantly
improved (Table S2, Supporting Information). In this case, the
coordination number (N) of Pt—Pt for the Pt,; cluster is 6.5,
which is in good agreement with the theoretical N from an
icosahedral cluster model (N = 6.46). A contribution of Pt—N
was not excluded because EXAFS cannot discriminate between
the Pt—C and Pt—N bonds in the multiple X-ray absorption
sites. The distances of 2.4—2.5 A observed for the Pt—C (or
Pt—N) contributions are too long to represent a direct bond
formation. Alexeev et al. suggested the presence of similar long
Pt—C contributions representing carbon atoms from a
PAMAM dendrimer structure.”® They have also suggested
that the appearance of Pt—C contributions prevent Pt
aggregation as a carbonaceous backbone.

Although the nearly monodisperse ESI-TOF-mass spectra for
a number of platinum atoms were observed, these data do not
warrant the 100% purity because it cannot deny the possibility
of an invisible impurity. In contrast, EXAFS reflects all chemical
compounds containing the target element, providing an
averaged structural information if the samples were mixtures.
The difference between Pt;, and Pt,; is indirect evidence of the
narrow size distribution allowing investigation of the one-atom
difference. If a greater size distribution unexpectedly exists, any
difference in the property should not be observed. Actually, the
expected number of assembling metal and its standard
deviation is ca. 12 + 1.3 for the metal-assembling phenyl-
azomethine dendrimer (Figure SS, Supporting Information).
With the size distribution, the experimentally determined
difference (2.5-fold higher activity of Pt, against Pt;) in the
catalytic activities is considered as the minimum difference in
the intrinsic activities.
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Origin of the Catalytic Activity. A question now arises:
What is the structure of Pt,, and why is Pt;, more catalytically
active than Pt;3? To answer, several plausible structures of Pt;,
were investigated by DFT calculations. We examined several
alternative structures of Pt;, mostly derived from the literature
(e.g, D3,y Dy, Dgj,y Cy,, and two-dimensional clusters shown in
the Supporting Information),”” which were further optimized
by the DFT calculations. Among these proposed models, the
C,» Dsj, and Dy, structure showed relatively high stability,
although they have atomic coordination significantly different
from that of the icosahedral structure of Pt;. For example, the
coordination number (N) of the C,, model is calculated to be
5.00, which is in good agreement with the experimental value
(N = 5.2 when the Pt—C shell was assumed).

It is quite reasonable that Pt;, has such a different atomic
coordination from the icosahedral Pt;; despite the small
difference in the number of metal atoms. Removal of one
platinum atom from the icosahedral Pt;; necessarily forms a
large pocket, which might destabilize the cluster. On the basis
of this idea, a significant transition in the structure is expected.
Previous studies of size-selected gas-phase gold clusters have
also demonstrated that an increase in the number of gold atoms
(n) in the cluster involves a significant transition in the
structure at n = 12.>7 In our present study using ESI-TOF-MS,
we have indeed observed evidence of the structural transition
between n = 12 and 13. On the contrary, additional platinum
attachments to the icosahedral Pt,; do not induce any structural
transition. We indeed observed the evidence of larger clusters
(n = 14, ... 19) by ESI-TOF-MS when the equimolar amount of
PtCl, for the dendrimer template (DPAG4-PyTPM) was set to
more than 14 (PtCl, were overloaded). The numbers of
carbonyl ligands accompanying Pt,; and the larger clusters were
all [n + 2] where n is the number of platinum atoms, indicating
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that these larger clusters have a similar icosahedral-based
structure (Figure S4, Supporting Information). For example,
the number of CVEs for the observed [Pt,,(CO)]*,
[Pt;s(CO),,]*7, and [Pt;(CO).4]* are 174, 186, and 198,
respectively. A 12CVE increase by each addition of one
platinum atom can be interpreted as an attachment of the new
platinum atom at the 3-fold hollow sites (in other words, face-
sharing condensations with Pt, tetrahedra),”® satisfying the
Wade—Mingos 121, + 18 rule (n, is the number of atoms
appearing as the shell).”® This condensation may lead to the
known Pt;,” or Pty,'® cluster having 210- or 232CVE,
respectively.

However, the number of ligands on the Pt;, cluster was [n +
4], definitely different from the larger ones. To the best of our
knowledge, this is the first observation of a 154CVE cluster.

If we consider the Pt;, cluster to be less symmetric C,,, we
could explain such an exceptionally high ORR activity from the
theoretical analysis of the oxygen adsorption energy (Figure 6).
Many previous results of the ORR catalysis exhibited a good
correlation between the activity and the binding energy of an
oxygen atom on the Pt(111) surface, especially known as a
“volcano-shape” relationship.’*>* Based on this analysis, an
estimated ORR activity of the icosahedral Pt; cluster was very
low because the binding energy (AE,) is too strong (—1.0 eV
for bulk Pt) to recover the reduced surface.”® In sharp contrast,
AE, of the Pt;,(C,,) cluster (0.2—0.3 €V) is ideal. This might
be one of the primary reasons for the improved ORR catalytic
activity by the Pty, cluster. In practice, we should consider the
presence of surface coordinating ligands (dendrimers), some
minor structural isomers,”’ and counting of the inaccessible
sites® for the quantitative discussion.

B DISCUSSION

The “size effect” issue is now reexamined. Smaller platinum
clusters have been believed to be less active for the ORR. This
has been explained as a result of the too strong Pt—O binding
on the smaller cluster.” Accordingly, reduction of the size from
that of larger Pt nanoparticles having a face-centered-cubic
(FCC) structure (~3 nm) will increase the Pt—O binding
energy, which may lead to a loss in the ORR activity. However,
the previous and present results suggest that the internal
structure would change to icosahedral if the cluster size
approached 1 nm (ca. 20—30 atoms).>* Furthermore, the
second structural transition to the less symmetrical structure
would be caused by a size reduction beyond the smallest limit
of the icosahedral clusters (Pt;;), reawakening the catalytic
activity. There are several exam};les reporting that the structural
distortion, shape conversion,” or appearance of high-order
facets can provide enhanced ORR activity.*® Interestingly, such
a distortion-induced enhancement of the catalytic activity was
also found in the natural photosynthetic system.>”

B CONCLUSION

We successfully synthesized platinum clusters having a definite
number of metal atoms by chemical stoichiometric control.
This is the first observation that the as-synthesized clusters have
atomic-level precision, which does not rely on the inherent
stability occasionally found in magic number clusters. The
primary significance of our approach is that even clusters that
deviated from the magic number (e.g.,, Pt;,) can be precisely
synthesized. This synthetic breakthrough allowed us to find a
hidden catalytic performance of these metastable clusters. In

particular, Pt;, has catalytic activity about 2.5-fold higher than
that of Pt,; for the ORR and also has an activity much higher
than that of the larger clusters (Pt,g or Ptg). At the same time,
the low activity of Pt;; adequately explains the commonly
observed size dependence that smaller clusters around 1 nm
have versus the lower ORR activity. Therefore, the present
results support the idea that such a simple relationship between
the size and the activity no longer exists on a subnanometer
scale. This idea also suggests that catalysts having exceptionally
high activity can be produced by the deformation of
subnanometer clusters with a specific number of metal atoms.
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