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Effect of Particle Size on the Oxidizability of Platinum Clusters
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The catalytic properties of transition metal particles often depend crucially on their chemical environment,
but so far, little is known about how the effects of the environment vary with particle size, especially for
clusters consisting of only a few atoms. To gain insight into this topic, we have studied the oxygen affinity
of free Py clusters as a function of cluster size=€ 1, 2, 3, 4, 5, and 10) using density functional theory
(DFT) calculations (GGA-PW91). DFT-based Ned¢oover molecular dynamics has been used to explore

the configuration space of the,Bk and POy clusters, leading to the discovery of several novetdXide
structures. The formation of small-Pbxide clusters by oxidizing the corresponding &tisters is found to

be significantly more exothermic than the formation of bulk-Bxides from Pt metal. The exothermicity
generally increases as cluster size decreases but exhibits strongly nonlinear dependence on the cluster size.
The nanoclusters are also structurally distinct from the bulk oxides and prefer one- and two-dimensional
chain and ringlike shapes. These findings help elucidate the oxidation behavior of Pt nanoclusters and lay the
foundation for understanding the reactivity of Pt nanoclusters in oxidizing chemical environments.

Introduction been made for several other catalytic systéfds,although
detailed knowledge is still lacking for many.

Laboratory techniques are now available for synthesizing
clusters consisting of a handful of atoms from evaporated
metald? or organometallic precursot314This ability to control
particle size has spurred new research efforts aimed at engineer-

Heterogeneous catalysis by oxide-supported transition metals
is crucial to the modern chemical and energy industries. The
most versatile transition metal is arguably platinum (Pt), which
catalyzes many oxidation, reduction, and reforming processes.
For instance, Pt. is currently the preferred anode (oxidation) anding size-specific reactivity, something especially relevant for
cathode (reduction) catalyst for low-temperature PEM fuel éells. Pt for the aforementioned reasons. Supported nanocluster
Pt also figures prominently in catalytic aftertreatment technolo- catalysts of R&5 Os16 Rh17 Ir,18.19 Pt20-22 and A732* have
gies that prqtect the envirqnmen}, such as the automotive three'been reported ,in th’e Iite}atur’e. HOV\,/ever, knowledge of how
way catalytic converter, in which CO, NO{:lnd unbumed supported metal particles interact with the chemical environment,
hydr_ocarbons are converted to the more be”'gﬁ’@@‘?' and which includes variables such as temperature and pressure, gas-
N2 S|multane0l_Jst_, and the lean N@ap, n V.Vh'Ch Pt IS l_Jsed phase and surface species, and the nature of the support, remains
to catalyze oxidations under strongly oxidizing conditiéss. scanty. One manifestation of the problem is the so-called

In most of the catalytic applications of Pt, the metal is “pressure gap”. With combined experimental and theoretical
deployed as minute particles, a few nanometers in diameter,efforts, Scheffler and co-workers and King and co-workers have
finely dispersed on a high surface-area supdoFtsis is because  recently related the reactivity of Ru in CO oxidation cat&§/t
Pt is expensive and because smaller Pt particles tend to be moreind Ag in ethylene epoxidation to the formation of surface
catalytically active. The enhanced activity has generally been oxides under reaction conditioR%:2° Existing experimental
explained in terms of the increased surface areas of smallerevidence suggests that Pt is found predominantly in oxidized
particles and the structural sensitivity of some reactions. The forms in an oxidizing environmerif 33 Recent high-pressure
striking ability of Au to catalyze a number of important surface science experiments on ordered Pt surfaces provide
reactions, including CO oxidation, partial oxidation of propylene, convincing evidence that the presence of metastable surface
and hydrogenation of unsaturated hydrocarbons, only in highly oxides significantly enhance CO oxidation activify3” Because
dispersed fornfshighlights the importance of understanding the Pt is commonly used as an oxidation catalyst, it is important to
reactivity of small metal particles on the atomic level. With the understand the structural, energetic, and catalytic properties of
help of theoretical methods such as density functional theory finite Pt nanoclusters under an oxidizing vs. a reducing
(DFT), the roles of under-coordinated sifeparticle-support  environment. This knowledge may also benefit the study of
interface’ altered oxidation stateand quantum size effeéts  sintering behavior of small Pt particlés.
have been examined in Au catalysis. Notable progress has also pjetal clusters supported on metal oxides and exposed to
gaseous environments comprise functionally rich but complex
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TABLE 1: Structural Parameters of Bulk Pt Metal, PtO, the difference is generally less than 4% of the experimental
and f-PtOz* values. For bulk Pt, the cohesive energy (with respect to a
calculated  exp. spherically symmetric free Pt atom, which is also used in
lattice  lattice calculating the atomization energies of the Elusters later)
e and bulk modulus are found to be 5.52 eV and 233 GPa,
ulk  group  (A) (A)

respectively. The corresponding experimental values are 5.85
eV 47 and 228 GP&2

The calculated heats of formation for bulk PtO gh#tO,
are—0.55 and—1.57 eV/Pt, respectively, with respect to bulk
Pt metal and an ©molecule. Our values differ from the
tabulated standard heats of formation of the two oxide3. 74

Pt Fm3m 4.00 392 Ref. 50
PtO  P4/mmec a=3.143 a=3.08 Ref. 30

* and—1.39 eV/Pt¥® respectively) by less than 0.2 eV. In analogy
=543 c=534 ' to the definition of the heat of formation for the bulk oxides,
BPIO, Ponm a=4.62 a=4.484 Ref.51 we define the formation energy (FE) of a®j cluster as:
5 F =|(Epio — Ep; — E “Eq |IX
(CaCl, prototype) b=4.58 b=4.539 EPtxoy = \Fryo, Pt, 2y 0,

€=3.19 ¢=3.136
=026 x=0267 Here, Epio, is the tota}l energy of a Ry c!uster: Epy, is the
total energy of the minimum-energy configuration for the Pt
cluster, anceg, is the total energy of an £molecule. As will
be seen later, an absolute error of less than 0.2 eV is also found
for the FE’s of the PtO and PtOnolecules, suggesting errors
of similar magnitude in the calculated FEs of structures
intermediate in size between molecular and bulk PtO and.PtO
To determine the lowest FE for each of the@Rtand P$O,«
clusters is tantamount to finding the structure located at the
global minimum on the potential energy surface (PES) of a
cluster. To date, although a number of algorithms have been
developed to address the challenge of locating the global
minimum on a multidimensional surface (e.g., simulated an-
nealing, basin hopping Monte Carlo, and genetic algorithms),
Methods none yet offers a guaranteed solution. Furthermore, no reliable
empirical potentials for Pt and O in small-Rixide clusters
The periodic spin-polarized DFT calculations are performed are available, which substantially limits the ability of many of
using the Vienna Ab-initio Simulation Package (VA%P}3 those algorithms to converge to low-energy structures automati-
in the generalized gradient approximation (GGA). The exchange- cally. For a small Ptoxide cluster, the number of stable
correlation energy and potential are described by the PW91 structures (local minima) is finite and can be exhaustively
functional?* The ionic cores are described by Vanderbilt's investigated by manually constructing a number of trial struc-
ultrasoft pseudopotentia®® The Kohn-Sham valence states are  tures. However, as the cluster size increases, the number of local
expanded in a plane-wave basis up to a kinetic energy of 396 minima on the PES grows quickly, making a manual search
eV. To accelerate convergence, electronic states are smearedntenable.
using a Gaussian schemegT = 0.01 eV). The final electronic For a Pt-oxide cluster that contains more than® atoms,
states all have unit occupancies, as required for discretetherefore, DFT-based Nos¢loover molecular dynamics (ME»
molecular clusters. As the intent is to simulate isolated clusters, is used to assist in the search for candidate structures for further
k space is sampled at tepoint only. Clusters are calculated optimization. The DFT parameters in the MD calculations are
within a cubic 18x 18 x 18 A3 unit cell, which is sufficiently less stringent than those used in geometry optimization (kinetic
large so that the electrostatic interaction among periodic imagesenergy cutoff of 150 eV and Gaussian smearing temperature of
does not affect the total energy of a system to more than afew0.1 eV). The MD parameters, including the Nesdéoover
meV. Reciprocal space integration is done on a ¥2020 x thermostat (0.1), initial temperature (50050 K), and time step
120 FFT grid to avoid wrap-around error. The ground-state spin (0.5—-1.0 fs), are all chosen to facilitate the rapid sampling of
multiplicity of each cluster is verified. Structures are relaxed large portions of the configuration space of the cluster over
until the maximum force on any atom is less than 0.01 eV/A. several thousand time steps. The evolution of the total energy
For reference we have calculated the bulk Pt metal and two is monitored, and low-energy structures are further converged
bulk Pt-oxides, PtO ands—PtO, (the stable phase under or used to guide the construction of new trial structures. In the
elevated pressure). A 18 16 x 16 Monkhorst-Paclk-point end, the structure with the lowest energy is regarded as the most
mesh is used for the bulk calculations. The occupancies of stable structure of the given compositiop@®t The consistent
electronic states are determined using the tetrahedron methodstructural patterns and the clear trends in the calculated FE give
with Bléchl corrections’® The same kinetic energy cutoff of  us the confidence that the structures reported below either are
396 eV is used as above. These parameters are sufficient fothe global minima for each composition or are energetically
the total energy to converge to a few meV. The calculated very close to them.
structural parameters are shown in Table 1 (in the insets and The vibrational frequencies of the clusters are calculated in
hereafter, light and dark spheres represent Pt and O atomsthe harmonic approximation for comparison with available
respectively). As can be seen, DFT tends to overpredict the experimental measurements and for calculating the zero-point
lattice constants, which is a known deficiency of the GGA, but energies (ZPE’s) of the clusters. The second derivatives of

v=036 y=0.350

a Experimental values are included for comparisoandy refer to
the fractional positions of the O atom.

oxidation of free Btnanoclusters and the preferred structures
and oxidation states of the resultant®kide nanoclusters. The
results provide insights into how supported Pt nanoclusters can
respond to an oxidizing environment and give guidance for
future, more detailed investigations. In addition, the nanoclusters
that we explore offer probable structural models of the active
sites of extended Ptoxide surface$?
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Figure 1. From left to right: the Bt Pt, and P, (first row) Pt, and
Pt (second row) clusters. Lengths of selected bonds (in A) are
indicated.

energy are determined using central-differencing approximation
(with a 0.01 A displacement) and used to construct the mass-

weighted Hessian matrix, which is then diagonalized to give

the normal modes of a cluster, the eigenvalues associated with

which are the vibrational frequencies of the cluster. For a linear
cluster, there arer8B— 5 normal modes, whene= x +y. For

a nonlinear cluster, there ara 3 6 normal modes. If we define
0,i = hvi/kg as the characteristic vibrational temperature of each
normal mods, then

1
ZPE= gszG)vi

Herekg is the Boltzmann constant. The ZPE correction is less
than 0.05 eV/O for all Ptoxide clusters considered in this study.
The calculated 60 stretching frequency is 1571 chin very
good agreement with the 1580 chlisted by NIST.
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Figure 2. Calculated, ZPE-corrected atomization energy (AE) of the
P clusters ©) and cohesive energy of bulk Pt (5.52 eV/Pt, dashed
line).

CASMCSCF-MRSDCI study® Within the accuracy of our
calculations, we find that the trigonal bipyramids, symmetry)

is 0.19 eV more stable than the tetragonal pyramid. The ground
state of this bipyramid cluster is a quintet with an AE of 2.98
eV/Pt, which agree closely with the findings of Xiao ett@l.
The Pio cluster prefers a regular tetrahedron geomefry (
symmetry)>”60 Its ground state is a nonet and has an AE of
3.75 eV/Pt. Each face of the tetrahedron resembles a small patch
of the extended Pt(111) surface. The ZPE reduces the AE by
no more than 0.02 eV/Pt for all six clusters.

The calculated atomization energy increases monotonically
with cluster size (see Figure 2). The fact that the Pt atoms are
held together more strongly as the size of the cluster increases
has been noted befo?@>%-69The same behavior has also been
reported for Pb nanoparticles supported on M§@he atomi-
zation energy can be approximately fitted to the funciddi—
1.174In(x) + 1.080 (2 = 0.99) for the five calculated clusters

Besides the energetic and structural properties, the oxidation(pt2 34510, With a root-mean-square error of 0.21 eV. This log

states of the atoms in the-Poxide clusters are also of interest

function is not asymptotically correct but is useful for estimating

because the oxidation state is often a key factor in determining y,o AE of other small Rclusters, which we take advantage of

the chemical reactivity of metal oxides. Bader charge partition
analysi82 is done using the code developed by Henkelman et
al>* to determine the number of electrons transferred to and
from each atom in a cluster, which will be used as a proxy for
oxidation state.

Results

Pt Clusters. Before investigating the Pioxide clusters, we
first determine the properties of the pure Blusters, which
will be used as reference states for calculating the FE of the
Pt—oxide clusters. Our calculations are guided by the results
of a number of previous theoretical studf&ss®

The ground-state Pt dimer is a triplet with an atomization
energy (AE) of 1.82 eV/Pt or 3.64 eV total. The calculated Pt
Pt bond length (see Figure 1) and vibrational frequency (220
cm 1) agree closely with the experimentally measured values
of 2.33 A1 and 215 cmk62 The calculated AE shows
overbinding compared to the 3.14 eV measured by Tayler et
al. using resonant two-photon ionization spectrosc§pyhe
Pt trimer prefers to form an equilateral triangle wiby,
symmetry?6:5’ The ground state of this geometry is also a triplet
with an AE of 2.43 eV/Pt. Previous theoretical studies indicate
that the lowest energy structure ofsR$ a slightly distorted
tetrahedron witlD,q symmetry27-60.64De Silva et al. report that
the tetrahedron has PPt bonds of two different lengths, 2.56
and 2.67 A, and that the ground state is a trifteOur
calculations give essentially the same results. The AE pisPt
2.74 eV/Pt. For the minimum-energy structure af Rtajumdar

below. Incidentally, it has been pointed out that the AE’s of
the Pt nanoclusters are substantially higher than clusters of the
other Group 10 metals (Ni and Pd) containing the same number
of atoms®® This trend has been attributed to large relativistic
effects in the Pt electronic structure that enhance d orbital
contributions to P£Pt bondingf!

Pt—Oxide Clusters. The most common Pt oxidation states
are 2+ and 4+, as reflected both in its coordination chemistry
and principle bulk oxides. Here, we focus on these oxidation
states and investigate Poxide nanoclusters with @y and
PO, stoichiometriesX = 1, 2, 3, 4, 5, and 10), including
their electronic, structural, and energetic properties as a function
of x. ZPE-corrected FE’s of the clusters are included in curly
brackets.

PtOx Clusters.The smallest RO cluster, the PtO molecule,
is a triplet in the ground state (Table 2). It has a bond length of
1.76 A and stretching frequency of 812 chnand its calculated
FE is—1.63{—1.63 eV/Pt, 0.15 eV lower than the tabulated
standard heat of formation of1.48 eV/P£56¢ Wang et al.
assigned an IR absorption peak at 840 &to PtO molecules
trapped in a neon matri¥,in close agreement with our results.
The most stable RD, isomer is obtained by joining two PtO’s
in a head-to-tail arrangement (Figure 3) and has an FELoT2
{—1.69 eV/Pt. The PtPt distance is elongated by 0.23 A
relative to the Pt dimer (2.34 A), and the-f® bonds are
between 1.7 and 2.0 A. In comparison, the calculated nearest
Pt—Pt and P+O distances in bulk PtO are 3.14 and 2.08 A,

et al. reported a distorted tetragonal pyramid, which is less thanrespectively, both of which are considerably longer than their

0.1 eV more stable than a regular trigonal bipyramid, in a

counterparts in the PtO and,B% cluster.
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TABLE 2: Net Spin and Bader Atomic Charges of PO
Clusters

cluster spin chargeg)®
PtO 2 Pt +0.48
o —0.48
PO, 0 Pt +0.99+ 0.36
o —0.70— 0.65
P03 2 Pt +0.77+ 0.01
o —0.77+0.02
P40, 0 Pt +0.77+ 0.02
o —0.77+0.01
P%Os 2 Pt +0.76+ 0.02
o —0.76+0.02
Pt:0010 0 Pt +0.76+ 0.19
o —0.76+ 0.05
bulk PtO 0 Pt +0.96+ 0.00
O —0.96+ 0.00

a For the sake of clarity, when there is more than one Pt or O atom
in a cluster or unit cell (for bulk), the average charge is reported with
the standard deviation except for asymmetrigORt for which the
individual values are presented.

Et—
?1-0.8 . . :,a\-’ Figure 5. Bulk fragments with RtOio (left) and P$:O2 (right)
g ; il compositions.
P
z-16 by an increasing number of PtO units connected head-to-tail,
E o0 in which single O atoms bridge elongated-Pt bonds, creating
rings that preserve Pt coordination to two O atoms. In contrast,
E Pt is 4-fold coordinated in PtO ane+tPtO, bulk oxides. The
z most stable ROj; cluster (Figure 3) is an equilateral triangle
8 with an FE of —1.77{—1.73 eV/Pt, at least 0.5 eV/cluster
8 more stable than those in which some O atoms occupy terminal
2 (Owrm) or 3-fold positions and than those with open Pt
E backbones. The P#t distance is 2.63 A, 0.13 A longer than
i the edges of the Ptluster. The Pt atoms in the most stable
T 08 Py0O, cluster (Figure 3) form a slightly twisted parallelogram.
2 This cluster has an FE 0f1.92{—1.88 eV/Pt. Here, the Pt
§-1.2 atoms abandon the tetrahedral configuration of theckister
g and instead adopt a planar geometry. Although our calculations
'—?; -1.6 show that the tetrahedral s 0.28 eV more stable than planar
£ Pti, PuO4 isomers in which the Pt atoms retain the tetrahedral
i arrangement are substantially less stable than the preferred ring
7 08 structure (see isomers in Figure 3). Fog@t the most stable
2 il structure is a bent pentagon with an FE-f.88{—1.84 eV/
§ 1.2 ° — Pt. Like PyO4, the Pt atoms abandon the pyramidal configuration
s LR of the Pg cluster. Apparently, significant stabilization is gained
g 18 —.é‘ e X il when the O atoms are fully coordinated and spatially separated
£ ® and when no Pt atom binds more than two O atoms at once.
& 20 The extent of electron transfer from Pt to O (Table 2) suggests

Figure 3. Relative stability of ROxisomers X = 1-5) and their stick- that the P£O bonds in the RO;—Pt0s clusters remain less
and-ball representations. Select bond lengths (in A) and angles (in deg);, ic than bulk PtO, although the level of ionicity is approaching
of the most stable structure are as indicated.
the bulk as the cluster becomes larger.
To search for the minimum-energy 10 cluster, we

Bader charge analysis reveals another difference between thdollowed the small cluster trend and optimized several large
molecular and bulk PtO (see Table 2): The extent of charge loop structures, the most stable of which looks like a hexagonal
transfer from Pt to O in the PtO cluster is only about half of Pt; patch fused with a Rtring (Figure 4). The FE of this
that in bulk PtO, indicating more covalent character in the structure is—1.26 {—1.22 eV/Pt, which sets an upper limit
former. P£O, has an asymmetric structure, so its two Pt atoms for the global minimum on the RO;0 PES. The PtPt bond
are not equivalent. The middle Pt atom, because it is bonded tolengths range from 2.6 to 3.0 A, and the—® bonds are
two O atoms, is more oxidizedH0.96) than the terminal Pt  between 1.8 and 2.0 A long.
atom, bonded to only one O aton#@.35). Isomers containing The stability of this series of loop structures is initially
O, ligands are all considerably less stable than if the two O surprising, as one might expect the clusters to tend toward the
atoms are separate, indicating that the dissociation 0fsO  compact structure and higher Pt coordination of the bulk oxide
energetically favored on the Pt dimer. as they grew in size. As a test, we calculated a®b and a

The most stable BD;, P40O4, and P§Os clusters share a  PtgOyo fragment extracted from bulk PtO (Figure 5). After
common characteristic: They can all be viewed as being formed relaxation, the two fragments have FE's -©0.08 and—0.33
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TABLE 3: Net Spin and Bader Atomic Charges of P{Oy e N e 7
Clusters : = o
= [ ] \}' i
cluster spin chargesf? g 00 g S *\% - '&* (l":u =
PtO, 0 Pt +1.27 §20 | %_"{‘ S A |
o) —0.634+ 0.00 : o . ‘5’ °
PO, 0 Pt +1.3040.02 5 ad .
O —0.65+ 0.03 ’
P05 0 Pt +1.29+ 0.02 g oo
O —0.65+ 0.05 3
PuOs 2 Pt +1.36+ 0.02 310
O —0.684+ 0.05 g
Pt010 0 Pt +1.39: 0.08 £ 20
O —0.69+ 0.06 ‘_g‘ ’
Pt0020 0 Pt +1.41+0.04 s
o) —0.71+ 0.02 s
bulk PtQ 0 Pt +1.70+ 0.00 £ 0o
0 —0.85+ 0.00 3
a For the sake of clarity, when there is more than one Pt or O atom g e
in the cluster or unit cell (for bulk), the average charge is reported g 5y
with the standard deviation. '_2 ’
. . , & 30
eV/Pt, respectively, higher even than the heat of formation of
bulk PtO (—0.54 eV/Pt). (Pp energy is estimated using the fitted g 00
function mentioned before.) Therefore, we conclude thgd,Pt ?o;
clusters with bulklike structures are favorable only at sizes much & 10
larger than those considered here. s
. o -2.0
Pt,O.x Clusters.We now turn our attention to the ,Phy § *
clusters. The smallest of these, RtPrefers a linear ©Pt—0 B s

configuration and has a PO bond length of 1.72 A. The FE Figure 6. Relative stability of the RO, isomers, with the minimum-
of PG, is calculated to be-4.02{—3.98 eV/Pt (Table 3), in engergy structures shown >é)n the rixghztx. Select bond lengths (in A) and
close agreement with the tabulated value-df12 eV4° Wang angles (in deg) are as indicated.
et al. assigned an IR absorption peak at 959%cfito the anti-
symmetric OPtO stretching mode, in close agreement with our
calculated frequency of 980 crhfor this mode.

The preference for bridging O () atoms in P4O, persists
in PtO4: The most favorable configuration for @y has two
of each (Figure 6). This somewhat puckered cluster has an FE
of —2.68{—2.61 eV/Ptand is 0.2 eV/cluster more stable than
the flat conformer (the one next to the puckered cluster in Figure
6). The P+Pt bond is 0.43 A longer than in Pand 0.20 A
longer than in BO;, but shorter than the PPt distance in bulk Figure 7. PtoOz ring.
PtO (3.62 A). The P+O bonds (1.94 A for PtOy,, and 1.74
A for Pt_oterm) are shorter than those in the bulk as well (204 As shown in Figure 6, a different series of,®4 clusters

A). can be formed by adding more O atoms to the bridge positions
By attaching more Pt@units to it the PO, cluster grows  of the most stable RD, clusters, creating closed loops instead
into the preferred, chainlike s, P1Og, and PO clusters. of linear chains. If three additional O atoms are thus added to

The most stable BDs (Figure 6) cluster has an arched the most stable BDs cluster (Figure 3), the resultant triangular
appearance and an FE ef2.38 {—2.29 eV/Pt, wheras the  structure would be less stable than theg(Rtchain by~4 eV/
straight conformer is~0.3 eV/cluster less stable. Several bent cluster. As the length of the Pt backbone increases, the energetic
POg chains all lie within~0.4 eV/cluster of one another. In  difference between the closed loops and their linear counterparts
particular, the curved (the rightmost one in the@3tpanel, narrows. Adding four more O atoms to the bridge positions of
Figure 6) and the arched (third from the left) chains are nearly the PO, cluster (Figure 3) creates an isomer thatig eV/
isoenergetic at-2.33{—2.23 eV/Pt. In the curved chain, the  cluster less stable than the,®¢ chain, and a similarly formed
distance between the two middle Pt atoms has increased fromP{0,q ring is 0.9 eV/cluster less stable than thedRp chain.
2.75 Ain PtOs t0 3.01 A. The arched Bdiochain is the lowest ~ Somewhere between o and PigO0, the chain structure
in energy among various isomers with an FE=&.23{—2.15 becomes long and flexible enough so that closed loops can form
eV/Pt. It is more stable than the curved (third from the left) to allow the terminal Pt atoms to be fully coordinated, which is
and the straight (second from the left) chains by up to 0.2 eV/ energetically favorable and now outweighs the penalty associ-
cluster. ated with constraining the Pt backbone. The large ring shown
As expected, Bader analysis shows that the amount of positivein Figure 7 is lower in energy than the most stable chain that
charge on each Pt atom is twice the amount of negative chargewe can find for P{gOzo, but only by less than 1 eV/cluster. The
on each O atom in the @, clusters (see Table 3). As inthe FE of this PtgOy ring is —1.80{—1.72 eV/Pt.
PtOx clusters, the PtO bonds in these small @y, clusters Again, to contrast the chains and loops described above with
appear to be more covalent than those in @#RtO,, and the more compact clusters, we consider two fragments extracted
level of ionicity similarly approaches the bulk level as the size from bulk 5-PtO,: one with PtO;4 and the other with R{O.,
of the cluster increases. composition (Figure 8). Their FE is0.53 and—0.68 eV/Pt,
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small in this size range, these partially oxidized clustergdRt
Pt0s, and perhaps B®s) may persist over a wider range of
conditions than smaller or larger, X% clusters. This is a clear
demonstration of a nanoscale effect, one that has implications
for the stability and reactivity of clusters as functions of size.
Similar effects may well exist for other metals and may
contribute, for instance, to the dramatic size effects observed
in Au nanoclusters.
Itis evident from the preceding figures that structurally these

. . . Pt—oxide nanoclusters also differ substantially from the corre-
Ecl)grg;% s?tionle."k fragments with POy4 (left) and P10, (right) sponding bulk Ptoxides. Whether open or looped, structures
much more extensive in one dimension than the others are

0.0 =i preferred. It remains to be seen whether these unique structures
g oh minimibaleisinin e A e can be detected experimentally. The small bulk fragments
i | (SRR R DR 2 mentioned before (RiO10, PboO20, PtO14 and P1,0,) are all
§-z.o o ; - . less stable than even the bulk oxides, and their FE’s approach
5 o] the bulk oxide levels from the opposite side (Figure 9). The
] il reason may be the excess surface energy of a fragment compared
E-4.o ° to the bulk. One may infer from the figure that the three-
& dimensional structures of the bulk oxides will not begin to

A4 e prevail until probablyx > 20.

0 2 4 6 8 10 20

It is worth noting that, unlike oxide clusters of oxophilic early
transition metals such as vanadium (V), the-Pt bonds in the
smaller Pt-oxide clusters are not broken by oxidation. Their

Number of Pt atoms (x)

Figure 9. Formation energies (ZPE-corrected) of the most stakh®, Pt
(®) and P{O4 (O) clusters. The formation energies of the bulk-like

PtO fragments &) and PtQ fragments 4) and of bulk PtO ¢0.55 length is usually smaller than or comparable to the-Fit
eV) andB-Pt0; (—1.57 eV) (black and gray dashed lines, respectively) distance in the bulk metal phase, 2.83 A (the experimental value
are also included for comparison. is 2.77 A). Whereas gas-phase V oxide clusters are thought to

possess no direct W linkage8%7° we find no energetic
respectively, on the basis of estimated total energies faariRt advantage for O insertion into PPt bonds (cf. Figure 3). The
Pt;. Thus, similar to the ROy bulk fragments, these clusters reason may be that the-~xO bond is about 3 eV stronger than
are less stable than byfkPtO;, the FE of which is—1.57 eV/ the V=V bond, whereas the PO and Pt+Pt bonds are of
Pt, and are, therefore, still less stable than the loop or chaincomparable strength as evidenced by the AE of the PtO and

isomers of the same compositions. Pt molecules (3.82° and 3.14 e\£3 respectively). The large
differential in metat-metal and metatoxygen bonds may also
Discussion account for the loss of metal bonds in the smallest aluminum

o oxide’! and titanium oxid& clusters. As the Pt atoms become

As shown in Figure 9, the calculated,®% and PO more oxidized in the larger clusters (e.g., sae®band P4Og—
formation energies reveal several |r'nportant characteristics: ThePtloOm), Pt-Pt bonds are gradually lost. The bulk oxides
small clustgrs have much lower FE’s than the _heqts of formation possess no direct PPt bonds as the PPt distance is well
of respective bulk PtO or PtOIn fact, the oxidation of a Pt a1 3 A
atom or Pt dimer is over 1 eV/Pt more exothermic than the
formation of the bulk oxides. As the size of the cluster increases, Conclusions
the FE approaches the respective bulk levels (oxidation becom-
ing less exothermic). Thus, the smaller the Pt cluster, the greater ~Self-consistent periodic DFT calculations (GGA-PW91) have
its affinity for oxygen. This suggests that the traditional approach been performed to study a series of freg POy, and P{Ox
of correlating the catalytic activity of metal oxides with bulk nanoclusterss= 1, 2, 3, 4, 5, and 10). The calculated geometry
heats of formatiof? would be inappropriate for small metal and atomization energies of theyRtlusters are in good
oxide clusters. agreement with previous theoretical findings and available

There are also some important differences between the twoexperimental data. In particular, the atomization energy per Pt
series of Ptoxide clusters. The FE's of the P, clusters atom is found to increase with increasing cluster size.
always lie beneath those of the®f clusters, so on the basis The POy clusters x > 2) prefer to form closed loops, in
of electronic energy alone (although not necessarily thermody- which the Pt atoms comprise the backbones in the shape of
namically), Pt clusters prefer to be completely, rather than triangle, quadrangle, pentagon, etc. with each O atom occupying
partially, oxidized. Whereas the FE's of the®4 clusters rise a PPt bridge position and each Pt atom coordinated to two O
quickly and asymptotically toward the bulk Rt@vel, the FE's atoms. The RO, series, on the other hand, form various curved
of the POy clusters appear to form a minimum at Pefore linear chain structures, in which each middle Pt atom is
rising, more gradually, toward the bulk PtO level. The partial coordinated to four O atoms and each terminal Pt atom
oxidation of Pf clusters in the vicinity o = 4 is, therefore, coordinated to three. At a certain length, the chain structure

easier than the formation of smaller or largex@Rtclusters. becomes flexible enough to form a closed loop so that all the
The difference in FE between the two oxidation states, which Pt atoms are fully coordinated. Therefore, both th@pand
corresponds to the reaction energy fogRt- (X/2)O, — PO, PO clusters prefer what may be loosely described as one- or

also varies over a wide range, from approximately 2 eV/Pt for two-dimensional structures, as opposed to the three-dimensional
a single Pt to less than 0.4 eV atRiltimately widening to the ~ matrixes of the bulk oxides or the Pt metal.

1 eV/Pt characteristic of the bulks. Because the energetic Our results show that discrete Pt clusters are more readily

advantage of complete oxidation over partial oxidation is quite oxidized than bulk Pt and that the smaller the Pt cluster, the
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more readily it is oxidized. The FE’s of the,Pky clusters rise
monotonically and approach the bulk Bt@vel asymptotically,
whereas the FE’s of the @y clusters pass through a minimum
aroundx = 4 before rising, more gradually, toward the bulk
PtO energy. Complete oxidation of Rto P{O.y) is always
favored energetically over partial oxidation (tg®) regardless
of the cluster size. Bader analysis reveals that theQPbonds
in the PO, and P{O,, clusters have considerable covalent

character compared to the bulk oxides. Therefore, structurally,

energetically, and chemically, the -Rixide nanoclusters are
distinctly different states from the bulk Poxides.

The implications of these findings for heterogeneous catalysis

are worth considering. First, it is clear that Pt oxidation will be
more important in few-atom clusters than in larger, bulklike

particles and extended surfaces. This oxidation could be relevant®

not only to the particle composition but also to its interactions
with supports. Second, because the energetics of fhe PtOy

and PO, — Pt transformations depend strongly on and vary
nonlinearly withx, the few-atom clusters are anticipated to
exhibit disparate activities for catalytic oxidation compared to
bulk Pt. Exploration of these structural and catalytic effects is
the topic of ongoing computational and experimental efforts.
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