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Abstract: On a subnanometer scale, an only one-atom differ-
ence in a metal cluster may cause significant transitions in the
catalytic activity due to the electronic and geometric config-
urations. We now report the atomicity-specific catalytic activity
of platinum clusters with significantly small atomicity, espe-
cially below 20. The atomic coordination structure is com-
pletely different from that of the larger face-centered cubic
(fcc) nanocrystals. Here, an electrochemical study on such
small clusters, in which the atomicity ranged between 12 and
20, revealed Pty as the most catalytically active species. In
combination with a theoretical study, a common structure that
leads to a high catalytic performance is proposed.

As much smaller analogues of metal nanoparticles, metal
clusters on a subnanometer size scale have attracted signifi-
cant attention over the past decades because they occasion-
ally exhibit significant catalytic activity."! One of the impor-
tant concepts in recent cluster science is the superatom, which
behaves as if it were a different element.?! Although
superatoms generally have spherical symmetry, a recent
study by Castleman and colleagues indicated the prospect
for the prominent reactivity of less symmetric clusters, as
exemplified by a study on the unique reactivity of Al;; in the
gas phase.’! How are the activities of less symmetric clusters
as catalysts? To answer this question, precise synthesis at
almost a one-atom resolution is necessary. However, there has
been no synthetic method available to allow one-atom
precision, except for the especially stable magic number
clusters.!

A dendrimer-based template synthesis has been devel-
oped for small nanoparticles (1-2 nm) with a narrow size
polydispersity.”! The significant advantage is that the average
particle size is configurable based on the stoichiometry
between the dendrimer and the precursor metal salts (or
ionic complexes), but not the intrinsic stabilities of the target
clusters. We have recently improved the method to form
metal clusters with precise atomicity, and revealed the
significant difference in the catalytic activity between only
one-atom-different clusters (Pt;, and Pt;;).*”) The employ-
ment of phenylazomethine dendrimers could provide a break-
through of the precision limit for the generalized nano-
particle-based approach and allow the production of subna-
noparticles with precise atomicity.

o

In this study, various platinum subnanoparticles (clusters)
were synthesized and their catalytic activity for the oxygen
reduction reaction (ORR) was compared. The reduction of
oxygen molecules is a fundamental chemical process for
various industrial applications such as the cathode reaction of
a fuel cell® or the aerobic oxidation of organic molecules.” Tt
has long been considered that a platinum nanoparticle
catalyst loses its catalytic activity when the nanoparticle
diameter is less than 2 nm. This could be reasonably explained
by an upward shift of the d-band center with the size
reduction, which would lead to a stronger oxygen—platinum
binding energy. Previous experimental results have supported
this concept."”! However, a nonmagic-number subnanometer
cluster may have nonperiodic surfaces, that are unavailable on
bulk or larger nanoparticles, which suggests that the catalytic
activities of the platinum subnanoparticles are not linearly
dependent on the atomicity, but on the atomicity-specific
properties.

Cluster catalysts with a definite number of platinum atoms
were synthesized using a fourth-generation dendritic phenyl-
azomethine with a triphenylpyridylmethane core (DPAG4-
PyTPM; Figure S1) based on a previously reported proce-
dure.™! The basic approach to synthesize the subnanoparti-
cles involves two steps. The first step is the formation of
platinum chloride (PtCl,) complexes assembled inside the
dendrimer, whereas the second step is the chemical reduction
of the complexes to afford the corresponding metal nano-
particles with definite atomicity in the dendrimer. An almost
monodisperse magic number platinum cluster (Pt;;) was
synthesized when 13 equivalents of PtCl, was complexed in
DPAG4-PyTPM ([PtCl,)/[DPAG4-PyTPM] = 13)." The sig-
nificant advantage of the phenylazomethine dendrimers as
the template ligand is the precise control of the atomicity to
obtain consistent nanoparticles and subnanoparticles at
almost one-atom resolution. As previously reported,
DPAG4-PyTPM undergoes a unique stepwise complexation
process (Figure S2) that includes multistep shifts of the
isosbestic points at 1, 2, 5, 13, 17, 29, and 37 equivalent
additions of the metal chloride. At each point at which the
isosbestic point shifts, a deviation in the number of assembled
metal complexes is minimized, in principle. In particular, the
13- or 17-PtCl, assembly in DPAG4-PyTPM ([PtCl,)/
[DPAG4-PyTPM] =13 or 17) is a specifically focused
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Figure 1. A dendrimer reactor for the precise synthesis of atomicity-consistent Pt clusters. a) The
DPAG4-PyTPM dendrimer has 61 coordination sites (1 pyridyl and 60 phenylazomethines) and
undergoes an irregular stepwise complexation process with metal chlorides (e.g., GaCl; or PtCl,).
The dendrimer is designed to obtain an almost monodispersed 13 PtCl,-assembling complex upon
the addition of 13 equivalents of PtCl,. b) The calculated number distribution of the assembled PtCl,
molecules in each dendrimer is based on equilibria and statistical simulation. This simulation
assumes the binding constant to each imine site as follows: K;, K,=10""m~" for the first 5 PtCl,
bindings, K;=10°m"" for the 6th to 13th binding, K,=10"m™" for the 14th to 17th binding, and
Ks=10°m"" for the 18th to 29th binding. Bindings beyond the 29th are considered to be much

the standard deviation was only
+0.2nm when [PtCl]/[dendrimer]
was 19. The possible origins of
these particle-size deviations are
the inevitable artifact on the image
processing and the cluster deforma-
tion during the STEM observations.
This result apparently supports the
idea that these subnanoparticles are
almost monodisperse.
Stoichiometric production of the
clusters was confirmed by electro-
spray time-of-flight mass spectrome-
try (ESI-TOF-MS) measurements
using the previously reported ligand
exchange method.” The CO-pro-
tected Pty cluster, which was derived
from the as-synthesized Pt;; in
DPAG4-PyTPM, exhibited a single
peak attributed to [Pt;3(CO)s]*~."
Similar to a method for the Pt
cluster synthesis, carbon monoxide
gas was introduced into the reaction
vessel containing the Pty cluster
solution just after reduction of the

weaker and were thus ignored in this simulation. c) A simulation result assuming equivalent

bindings (K=10*m"") to every 61 coordination sites in a dendrimer.

number of the metal assembly, at which the number of
assembled metals in the dendrimers would have the smallest
polydispersity. For example, the binding constants to the
respective imine sites are presumed to be within a difference
of two orders of magnitude between neighboring layers.'”
The statistical and equilibrium simulation (Figure 1b) sug-
gested that the standard deviation in the number of assembled
metal precursors would be the minimum value (0=1.05) at
[PtCl,)/[dendrimer] =13 (Figure 1d). Even if the stoichiom-
etry moves to higher values ([PtCl,]/[dendrimer] > 13), the
o values remain relatively low (o < 1.8). These deviations are
substantially lower than that expected in a randomly coordi-
nating system (o > 3.1), which suggests good resolution in the
present atomicity-dependent analysis. In this study, Pt, (n=
12-24) clusters were synthesized using both DPAG4-PyTPM
and polyamidoamine (PAMAM G4-OH in Figure S1) den-
drimer templates with stepwise and random processes,
respectively.

Precursor complexes with various [PtCl,]/[dendrimer]
stoichiometry (dendrimer: DPAG4-PyTPM) were prepared,
and each complex was reduced with NaBH, to produce the
corresponding platinum clusters. A similar template synthesis
with PAMAM G4-OH using K,PtCl, as the platinum source
was performed according to a method in the literature."”!
Low-magnification high-angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM) images
of the product clusters by both dendrimers (Figures 2a and
S3) showed almost monodisperse platinum subnanoparticles
prepared using both dendrimers (DPAG4-PyTPM and
PAMAM G4-OH). The mean particle size was 0.8 nm and
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[PtCL]/[DPAG4-PyTPM] =19

assembly. A spectrum of the result-
ing solution (Figure 2c) shows the
most intense peak at 2147.15 accom-
panied by many isotopes with 0.5 Da intervals, which is
characteristic of divalent platinum cluster anions. The distri-
bution pattern of the isotopes around the main peak is
equivalent to the calculated isotropic distribution of [Pty
(CO),J*". Besides the main peak, similar divalent peaks
accompanying similar isotopes and fragmentations were
observed, each of which corresponds to [Pt,(CO), ,]*” (n=
16-22). Based on the simplified assumption that the cluster
yields correlate to the intensity in the mass spectrum, the
visible distribution of the cluster atomicity is in good agree-
ment with the distribution expected from the simulation
(Figure 1b,d). It should be noted that a similar ESI-TOF-MS
analysis conducted without the dendrimer template (Fig-
ure 2¢) showed a series of various cluster anions all attributed
to [Pt,(CO),,,]*~ (n=13-20), which suggests that each larger
cluster (n>13) has a stable icosahedral Pt;; kernel, to which
several excess Pt adatoms are attached. All valence electrons
accompanying the metal-metal bonding can be counted based
on the Wade-Mingos—Lauher electron counting rule. For
example, the number of cluster valence electrons (CVEs) for
the observed [Pt;3(CO);s]”", [Ptiy(CO)if", [Pt;s(CO)yJ*,
and [Pt,s(CO),s]>" anions are 162, 174, 186, and 198,
respectively. The 162 CVE suggests an icosahedral platinum
cluster,l*™ and a 4+ 12 CVE increase by the addition of one
platinum atom to each anion can be interpreted as the
attachment of a new platinum atom at the three-fold hollow
sites through the face-sharing condensation with Pt, tetrahe-
dra.l""l A recent X-ray absorption fine structure (XAFS) and
pair distribution function (PDF) study” showed that the
surface coordination by CO molecules only induces small
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Figure 2. Characterization of platinum clusters synthesized with
DPAG4-PyTPM. a) Low-magpnification HAADF-STEM images (200 kV)
of Pty;, Pt;, and Pty clusters supported on graphene sheets. Insets
show histograms of the particle diameters. b) High-magnification
aberration-corrected HAADF-STEM snapshots (80 kV) of a Pt cluster.
Simulation: HAADF-STEM z-contrast simulation of the structure
model. Model: expected structural model for Pt,s optimized by DFT
calculations. c) Negative-mode ESI-TOF-MS spectra of Pt,q and unde-
fined clusters synthesized without the dendrimer template as the CO-
protected forms. Red bars with markers superimposed on each
spectrum indicate the expected distribution of atomicity based on the
simulation shown in Figure 1b. d) Fourier-transformed k’-weighted Pt
L;-edge EXAFS spectra for Pty,, Pt;;, Pt;;, and Pty supported on
graphitic mesoporous carbon. e) Pt L;- and L,-edge XANES spectra
measured in situ under electrochemical conditions. Constant poten-
tials (0, 0.65, 1.00, 1.40 V vs. Ag/AgCl) were applied in turn to the
cluster samples mounted on a working electrode (carbon felt). The
potential was then finally set back to 0 V.

extensions of the Pt—Pt bonds without any structural rear-
rangement, even if the cluster size is as small as 1 nm,
although a longer reaction time would lead to different CO-
rich clusters." These results support the idea that the cluster
structure can be discussed based on the corresponding CO-
protected derivatives. We have employed as-synthesized
clusters for extended XAFS (EXAFS) analyses. The curve
fit results indicate that the Pt—Pt first-shell coordination
numbers and their interatomic distances are reasonable for
the subnanometer-sized clusters. Pt,; and Pt,, showed almost
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similar coordination numbers relative to Pt;; (Figure 2d and
Table S1), which corresponds to the low coordination number
for the additional Pt atoms on the Pt;; core. A structural
model for the Pt cluster with an icosahedral Pt,; core bearing
three Pt dimers as edge sites was suggested from the
optimized cluster structure using density functional theory
(DFT) calculations. In addition, an aberration-corrected high
magnification HAADF-STEM image of Pt;, supported the
calculated structure (Figure 2b). Although a high flux of
electron beam to the metastable clusters induced a continuous
change of the atomic coordination image, some snapshots
suggest a triangular cluster-shaped structure that is consistent
with the calculated structure.

The electronic status of the as-synthesized clusters and
that under in situ electrochemical conditions was determined.
X-ray photoelectron spectroscopy (XPS) measurements (Pt
4f,,) of the as-synthesized Pt;;, Pt;;, and Pt,, clusters
supported the definite reduction of the platinum ions to
zero-valency (Figure S4). In addition, the valence states
during electrocatalysis are also available from analyses of
the Pt L;- and L,-edge X-ray absorption near edge structure
(XANES) spectra.'”! All XANES spectra were measured at
a constant applied potential between 0.00 and 1.40 V versus
Ag/AgCl in a 0.1m aqueous perchloric acid using an in situ
setup with the fluorescence mode. The total number of
unoccupied d-states per platinum atom (4;),, was calculated
from each peak area of the white line (sharp peak near the
absorption edge) in the XANES spectra.”?” At 0.00 V, when
the platinum surface is generally reduced, all the subnano-
particle catalysts (Pt;,, Pt;;, Pt;;, and Pt,y) showed similar
(hy),, values to the larger platinum nanoparticle catalyst
(commercial Pt/C catalyst for fuel cell applications), which is
almost equivalent to that for bulk platinum metal (Table S2).
In contrast, application of anodic potentials resulted in the
removal of the d-electrons from the clusters, which could be
observed as increases in the white line intensities. At
a significantly high applied potential of 1.4V, the XANES
spectra were similar to those for platinum oxide (PtO,). It
should be noted that the original XANES spectra was again
obtained when the applied potential was 0.0 V (Figure 2¢),
which suggests that the cluster structure is preserved,
probably due to the structural elasticity. The behavior of the
present clusters is equivalent to that reported for larger
platinum nanoparticles.”"

The accessibility of these subnanoparticle surfaces in
DPAG4-PyTPM are sufficient for the catalytic reduction of
oxygen.”! Each of the as-synthesized subnanoparticles in the
dendrimer reactor (Pt,@DPAG4-PyIPM: n=12-22) was
modified on a glassy carbon electrode (GCE) to examine the
dependence of the intrinsic catalytic activity on the atomicity.
The catalytic activities for the electrochemical reduction of
oxygen molecules were determined from rotating disk
voltammetry (RDV) measurements in an oxygen-saturated
aqueous solution of hydrogen perchlorate (0.1 molL™") as the
electrolyte using each modified GCE.! Linear sweep vol-
tammograms to the negative potential exhibited a significant
cathodic current characteristic of the electrochemical cata-
lytic reduction of O,. The currents were then converted to
kinetic currents using the Koutecky-Levich equation to
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— DPAG4-PyTPM  the template, probably due to the strict encapsula-
a — PAMAMG4-OH tion,?? the general trend showed an agreement
3.0 { Pt Pt,, Pt,, with that of the clusters synthesized using DPAG4-
~ 25 PyTPM. In each case, the highest catalytic activity
:E) 2.0 was also obtained with Pt,y, whereas the Pt,; cluster
< 1.5 : exhibited lower activities. The similar trend in the
% 1.0 4 catalytic activity for the clusters synthesized using
= 051 both dendrimers (PAMAM G4-OH and DPAG4-
(O e R S i S S e S e e S S e S PyTPM) suggests that the unique activity of Pty
0 20 40 60 80100 O 20 40 60 80100 O 20 40 60 80100 .4 Pt;; is due to the intrinsic properties of the
b Wer (n9) lust d not the dendrimer-specific interac-
clusters, and not the dendrimer-specific interac
~ 250 tions. However, the atomicity resolution obtained
'g with PAMAM G4-OH seems to be lower relative
< to the clusters obtained with DPAG4-PyTPM
% 200 because the dispersity in the number of precursor
5 complexes in PAMAM G4-OH is ambiguous,
3 150 whereas that in DPAG4-PyTPM involves a step-

g wise complexation process.
§ 100 - I - _ Pt @DAG4-PyTPM All the cluster structures from Pt;; to Pty are
8 e ~-__ _ expected to have an icosahedral Pt;-based kernel,
%’ T =4 as shown in the ESI-TOF-MS analyses. The
g 507 - — —e _ _ reported [Pt;;(CO);o] 2 structure™! based on an
; Pt @P;M_ AIG Gaon ® icosahedron core with two edges is in complete
< 0, , | - | | | | agreement with this assumption. On the other
10 20 30 40 50 60 70 hand, the reported double icosahedral [Pt;,-

Atomicity of platinum cluster

Figure 3. Catalytic activities for electrochemical oxygen reduction on platinum
clusters with different atomicity. These clusters were synthesized using PAMAM
G4-OH or DPAG4-PyTPM as templates. a) Observed catalytic current versus weight
of the platinum modified on the electrode surface for Pt;3, Pt;;, and Pty clusters.

b) Variations of the platinum-mass-specific catalytic activity versus the atomicity of
the platinum clusters. Measurements were conducted under oxygen saturation in

an acidic aqueous electrolyte (0.1 M HCIO,).

remove the diffusion-limiting current factor.[) Measurement

of the ORR for fuel cell applications is generally conducted
using a Nafion membrane to facilitate the proton transfer
process. However, the present measurements were conducted
using the least amount of the platinum catalyst without the
Nafion membrane to remove the effect of specific adsorption
of the sulfonyl groups on the platinum surface and the rate-
limiting step by oxygen migration through the thick Nafion
and catalyst layers. By changing the weight of platinum from
nanograms to micrograms, the mass-specific catalytic activity
could be estimated from the slope of the Pt weight versus
kinetic current plot (Figures 3a and S5).

The kinetic current was significantly dependent on the
atomicity (Figure 3b). As previously reported, Pt;; has
a much lower activity relative to Pt,,.”? Other clusters also
exhibited remarkable activities substantially higher than Pt;;.
In particular, Pt,y had the highest activity among the available
platinum clusters, of which the mass activity was 3.7 times
higher than that of Pt,;. To confirm the origin of this catalytic
activity, similar platinum clusters synthesized using PAMAM
G4-OH were also studied using the same electrochemical
procedure. Although the absolute catalytic activity was lower
than that of the clusters synthesized with DPAG4-PyTPM as
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© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

(CO);]™* structurel™ has a 232CVE, which is
slightly lower than the present value. This structure
was not successfully converged in the structure
optimization based on DFT calculations. Another
possible structure expected from the high-magnifi-
cation HAADF-STEM observation (Figure 2b)
contains a single icosahedron appended with
three edge sites,” which is reasonable for the
observed 234CVE and provided successful con-
vergence in the structure optimization. Adatoms as
dimers on a kernel is much more probable rather
than distinct adatoms because the Pt;s having one dimer is
more stable (32.9 kImol ") than the isomeric structure of Pt,s
with two distinct platinum adatoms (trans-Pt;;(Pt),; Fig-
ure S6). Similar to the previous investigation,” the binding
energy of an oxygen atom to each three-fold hollow site on
the surface of the respective clusters, which is considered as
an important factor for the ORR catalytic activity, was
estimated by calculation.” All the cluster models having
edges were suggested to have ideal oxygen binding energies
near the edges, whereas the binding energies to the icosahe-
dral kernels themselves were too strong. Figure 4 shows that
the highly active sites are mainly located on the two sides of
each sharp edge of the specific clusters (Pt;s, Pt,;, and Pt,o). In
sharp contrast, the highly symmetric icosahedral Pt;; does not
have any edge sites.

Based on these results, we can postulate that the stable
Pt;; kernel (magic number cluster) does not have any
significant activity, whereas adatoms on the stable kernel
eventually exhibit high catalytic activity if they form edges.
Castleman and colleagues suggested that the origin of the
unique Al;” reactivity is mainly based on the geometric
features rather than the electronic features. The geometric
feature of Al;; with almost the same structure as the present

Angew. Chem. 2015, 127, 9948 9953
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Figure 4. Possible atomicity-specific structures of platinum clusters
that can reasonably explain the XAFS and catalytic activity results.

a) Atomic coordination of platinum. b) Volcano diagram®! for the
oxygen binding energy to respective three-fold hollow sites. Platinum
atoms as icosahedral kernels and adatoms are shown in different
colors. The oxygen binding energies (AE,) to each three-fold hollow
site were determined from DFT calculations and converted to the ORR
catalytic activities from the known volcano relationship. Ranges of the
ORR activities are projected on the surfaces with the corresponding
colors.
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Pt,; arises from the contrastive role of each Al center on the
edges and an icosahedral kernel that acts as an electron donor
and acceptor, respectively.”)

We can conclude that the dendrimer-based synthesis
allows for the preparation of platinum clusters with various
atomicities between 13 and 20 at very small dispersity (o < 2).
The catalytic activities for the ORR were significantly altered
by the atomicity, despite this structural resemblance. In
particular, Pt;; and Pty exhibited higher performance than
the other series. DFT calculations and the experimental
results suggest that such highly active clusters have edges as
a common structural motif. The present findings have
provided new insight into the subnanometer nonmagic
number clusters, in that such superatomic molecules are
potentially superior with respect to their unique heterogene-
ity. The catalyst ink of Pty, on carbon (15 wt %) already shows
better performance than the commercial Pt/C catalyst for
ORR (Figure S8). The use of the present clusters as fuel cell
catalysts is ongoing.

Keywords: catalysts - cluster compounds - dendrimers -
oxygen reduction reaction - platinum
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