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Theoretical Study on Pt Particle Adsorbate Bonding: Influence of Support lonicity and
Implications for Catalysis
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The influence of the support ionicity on the adsorption of Hx@H= 2, 3), and O on supported Pt particles

is investigated using density functional theory (DFT). The DFT calculations reveal that the importance of the
6s,p states for the Pt adsorbate bonding increases in the ordér PtPt—CH, < Pt—CH; < Pt—H. Both

the Pt-H and P+O bond strengths are strongly affected by changes in the support ionicity whereas the
difference for the Pt CH, bond strength is much smaller. The-t bond strength is higher for ionic supports,
whereas the PtO bond strength is higher for acidic or more covalent supports. These bond strength changes
occur because the support ionicity has a large impact on both the Pt 6s,p and 5d states. On ionic supports
with electron rich oxygen atoms, the 6s,p states are pushed toward the surface of a metal cluster where it can
participate in H bonding, whereas on supports with electron poor oxygen atoms (existing in acidic supports
or for supports with more covalent cations) the 6s,p states are attracted toward thesugpalrt interface.

The Pt 5d states shift to lower binding energy (lower ionization potential) on ionic supports, where it bonds
less effectively with the O adsorbate. These findings indicate that the hydrogen and oxygen coverage on Pt
particles are strongly determined by the ionicity and acid/base properties of the support and therefore may be
the most important for producing changes in the reactivity of Pt wit support ionicity in various hydrogenolysis,
hydrogenation, and oxidation reactions.

Introduction Brgnsted acidic supports electron transfer between support
and particle;1516the polarization of the metal particle by nearby

Su_pplnlor_ted n:)blf me';al ca;al);s;sf arﬁ \éwdely utged n Chotrr?' cations!” and a change in the ionization potential of the metal,
mercially important reactions, including hydrogenation, naphtha j .o"t"2 shift in the d-band density of staf€ds-19

reforming, and isomerization reactions, and in electrocatalysis Work by our group revealed that the nature of the metal

irr?daof)l(J gleigﬂ?gsa:Ir;\lgl;tli?agn?jngo? d?:f&:;g:ﬁgﬁg??epgiif support interaction involves a change in the electronic properties
enhanced réaction rates with specific suppd&ce theﬁ it of the metal cluster, induced by and correlated to the electron
P PPORS: ' richness of the support oxygen atof?s8 This oxygen electron

::ﬁ}lsu e?]izg t\r/]\’:”raﬁ:gcbrl]'sgf: etrr::t[iot:?anga:\urderoogrfgle S?Sufé:’;:richness is determined primarily by the ionic character of the
ydrog yarog y cations in the oxide support; with electron rich oxygens existing

Fions on catalyt_ically active metal particlés.” F_or example, in basic supports with alkaline cations, and electron poor
g]bstgfve(ijo?ﬁtrstlr?g rgzenoefoﬁeg:gngnﬁﬁ?s)g ' stZ?zil gf dee?rs c)foxygens existing in acidic supports with protons or other more
. i yarog y . ._covalent cations. X-ray absorption fine structure experiments
magnitude higher when Pt _part|cles are suppprted on an 30.'d'°(L2 and Lg near edge structure and Atomic XAFS) and density
Euphp%rrtocoemnpoe;r;itﬁ %gaizsluzgogf' ;?kgggg'%nh]tgg:gi‘r'gg'ogr functional theory (DFT) calculations on supported Pt clusters
fglr byasicgsu orts: ¥he grder )i/n Hanges from—2.5 (basic 9€" revealed that the support influences the electronic properties of
support) to—plp5 (a.ci dic)to-13 2rang ) a metal particle in at least three separate ways: (i) the complete
PP ) ) Pt density of states (DOS) shifts to higher energy (lower binding

Although the effect of the support on the catalytic properties gnerqv) with increasing electron richness of the support oxygen
of the supported metal particles has been well established, atatomsf?’g (ii) the location of the 6s,p bonding orbital (IBO:

least for reactions involving H, the nature of this metslipport interstitial bonding orbitP) moves from the metaisupport
interagtion has been the squect of much debate. EXpla”ationSinterface to the surface of the Pt particles with increasing
have involved the formation of metaproton adducts on electron richness of the support oxygen atdfnand (i) the
insulator to metal transition with increasing cluster size is shifted
to lower particle sizes on basic suppdits.
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theoretical calculations reported in the literature are mostly
performed on slabs with periodic boundary conditions, or on
relatively small clusters chosen to model flat Pt(111) surfaces
(see review of these calculations in ref 23). In contrast, our
group®2223performed density functional calculations using the
ADF code on a model B(X,0s) cluster, where the 0 groups
mimic the support (X= F, covalent; X= H, neutral; X= Na,
ionic) to investigate the influence of the electron richness of
the support oxygens on the electronic structure of small Pt
particles. The calculations show that the-Pit bond strength

is higher for Pt particles on ionic supports. The atop position
for hydrogen adsorbed on Pt is preferred only at very low H
coverage and low Pt coordination (cluster cornétg}increas-

ing the hydrogen coverage forces this atop H to move to an
n-fold site, to reduce lateral interactions. The calculations show
that the adsorption energy in tiefold sites existing at high

hydrogen coverage increases on the ionic (basic) supports

implying that the fraction of strongly bonded hydrogen is larger
in ionic (basic) supports. This knowledge together with informa-
tion on the dominant hydrogen absorption sites (atop-faid)
obtained from Pt k. X-ray absorption near edge data (XANES),
was used to analyze previously reported neopentane hydro
genolysis kinetic dat? The results from that analysis provided
a basic understanding of the metaupport interaction for

hydrogenolysis reactions of alkanes catalyzed by Pt particles

on supports with different ionicity and acid/base properties. At
a fundamental level, the support alters the equilibrium thermo-
dynamic coverage of H. This influences the bonding of the
neopentane to the surface, thereby changing the “apparent
activation energy for the reaction.

The effects of the support on the adsorption of oxygen are in
the opposite direction to that found for hydrog&he Pt-O
bond strength is higher for Pt on supports with a lower electron

richness (covalent or acidic). The oxygen adsorption site also
depends on the support properties. Oxygen is adsorbed in a

3-fold hcp and/or subsurface Pt site on supports with low

electron richness of the support oxygen, whereas on ionic

supports the 2-fold (bridge) sites are preferte@hese bond

strength changes could be related to the increase in energy

position (higher binding energy) of the Pt 5d orbitals with
covalent or acidic supports. This shift to higher binding energy
leads to a more covalent character (stronger bond) in th©Pt
interaction.

Oudenhuijzen et al.

3-fold

X,0
Figure 1. PW/X,0 cluster with three different adsorption sites.

support, where the O atoms mimic similar oxygen atoms of the
support. The change in-€5i (Al) ionic character, which alters
the O support atoms in “real” supports from being electron rich
(ionic, basic supports) to electron poor (covalent, acidic sup-
ports) is simulated in the cluster by varying the nature of the X
atom. RO (F is very electronegative, therefore giving an electron
poor oxygen atom) represents an acidic support whereg® Na
(Na is less electronegative than oxygen, thus giving electron
rich oxygen atoms) mimics a basic support. It was shown
earlief92223 that this simple model of cluster plus support
reproduces the electronic structure of the Pt clusters and the
changes with support ionicity quite well. However, with six X
atoms near the Btthe P§#/(X,0)s cluster perhaps models
extremely acidic and basic supports and may not be modeling
all aspects of the support accurately; such as the local field in
an ionic oxide. The theoretical results will show that the support
ionicity has a very strong influence on the adsorption of H and
O, whereas the effect of the support on£2thd CH adsorption

is much smaller. The shift in location of the IBO within the Pt
particle and the position in energy of the 5d orbitals induced
by the support ionicity are the most critical factors in altering
the Pt-H and P+O adsorption energy, respectively. The
implications of these results for catalysis will be discussed.

Computational Methods

The DFT calculations reported here have been performed
using the Amsterdam Density Functional Package APDFhis
package uses the Kohitham approach to the density-
functional theory. Slater-type orbitals are used to represent the
atomic orbitals. All basis sets consist of trigleuality, extended
with two polarization functions. The density functional was
calculated using the VoskoWilk —Nussair approximation of
the local density approximation (LDA), and using the Becke
gradient correctio¥ and Perdew correlation tefinfor the
generalized gradient approximation (GGA). To enhance com-

It remains unclear how the bonding of hydrocarbons is pytational efficiency, several atomic core shells of the Pt atoms

affected by changes in the electronic properties of supportedyere frozen up to and including the Pt 4d level. Relativistic
metal clusters. It seems obvious that the changes in the DOSgffects were accounted for using the ZORA approximaticH.
within a supported Pt particle as a function of the support The geometry optimizations that were performed were carried
ionicity and acid/base properties will affect the chemisorption gt in the spin-restricted mode including scalar relativistic
of CHy and other hydrocarbons on the surface as well, but will gffects, thereby excluding spiorbit effects. This level of
they track in the direction of H or O bonding. The reported gccuracy has been reported to agree well with experimental
data in the literature regarding the adsorption of,©H metals data3* The numerical integration precision applied was set to
mainly focus on Pt(111) flat surfacé>-2® However, the flat 5 5 significant digits. The applied criteria for the geometry
surfaces areas are very small in the case of highly diSperS@doptimization were 1x 1073 hartree for the changes in energy,
metal particles, because these particles mainly consist of edge| » 104 hartree/A for changes in the energy gradients and 1
and step sites. Theoretical work has suggested that the metal d; 10-2 A for changes in the Cartesian coordinates.
states are more important for chemisorbed, €agments%-26-28 The clusters that were investigated consist of,dé®tahedron

In this paper the influence of the support ionicity on the supported by three X0 molecules, with X= Na or F. The
chemisorption of O, Ck and H is compared with the help of  global geometry is shown in Figure 1. In this small Buster
density functional calculations using the ADF pack&Yy€Hs; all four Pt atoms are at the surface of the cluster; however, only
and CH adsorbates are modeled on a/@;0); cluster (see the apical Pt atom is designated Ric. because in the model
Figure 1) exactly similar to our previously reported calculations cluster this Pt atom is involved with bonding to the adsorbates
on H and O. Because it is computationally expensive (although in all cases. In contrast, the Pt atoms labelegeRie are in
possible) to simulate a complete support matrix, thecRisters direct contact with the support, and bond with the asorbate only
in this work are placed on three,® molecules to mimic the in the bridged, and fcc adsorbate binding sites. The geometry
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TABLE 1: Heat of Adsorption ( Eag9 and Intrinsic Bond
Energy (Eint) for the Adsorption of H, and CH, in the Atop,
Bridged (br), and 3-Fold Hollow Site (3-f) on Pt/F,0 or
Pt4/Na,O

Eads(kJ/mol) Eint (kJ/mol)
adsorbate R0 Pt/Na,O Pt/F,O Pt/Na,O
Ha(22) atop —106.0 —175.2 —375.8 —410.4
br +105.4 —14.8 —270.1 —330.2
3-f unstablé
CHs atop -59.7 -110.1 —-303.8 —319.5
br unstable
3-f unstablé
CH, atop +1.6 —86.7 —553.4 5725
br —49.6 —105.7 —604.6 —591.5
3-f +23.2 unstable —531.8 unstabke
0(23) br —545  —383

aThe adsorption energaqsfor Hz is in kJ/mol of H; the intrinsic
energyEiy is in kJ/mol of H.? The adsorbed fragment drifted to the
most stable position during the geometry optimization.

of the clean R{X,0 was optimized within the boundaries of
Cs, symmetry. CH or CH, fragments were placed in the atop,
bridged or 3-fold sites (see Figure 1). The tuster with
adsorbate was allowed to relax its geometry within the limits
of Cs symmetry; however, the coordinates of thgdXmolecules
were fixed to represent the rigid nature of a real support.
The bond energy is calculated in two ways. The “heat of
adsorption”,Eaqs reflects the decomposition of the gas-phase
molecule into fragments followed by adsorption of these
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Figure 2. Optimized geometries of a Ptluster. Hydrogen adsorbed
in the atop position: (A) FO and (B) NaO support. CH adsorbed

fragments onto the Pt cluster. The gas-phase molecule was eitheatop: (C) RO and (D) NaO support. CH adsorbed in the bridged

H, or CH, Thus, Eags for Hy is calculated by taking the
difference in the total energy of PtH/X,0 and H + Pt/X,0:

Eads,rg = 2EPt4—H/X20 - 2EPt4/X20 = X Q)

The total energy of a cluster was determined relative to the

atomic reference energies according to Baerends .t lal
calculating the adsorption energy of @i was assumed that

position: (E) RO and (F) NaO support. The €H bond length was
not affected by the support, the-Rd and G-X bond lengths were
unaffected by the adsorbate. The bond lengths are given in A.

for this single atop H atom is 70 kJ/(mobHmore exothermic

for Pt/NaO than for P¥F,O. Analogous to the heat of
adsorption, the intrinsic bond strength is increased by 35 kJ/
(mol H) for the basic support.

the hydrogen fragment adsorbs on a clean cluster, and thus the 1Nne hydrogen in the atop site is found to be tilted toward the

adsorption energ¥agsis given by:

Eads.cny = Epy—criyx,0 T (4 = MEp 1,0 —
(5 — MEpyx,0 — Ecn, (@)
The “intrinsic bond energy” reflects the energy required to

remove a fragment adsorbed on the ¢huster to the gas phase.
It is given for hydrogen bonded on JFy

Einth = Epy—rix,0 ~ B — Epyx,0 )

and for a CH fragment bonded on Pt
Eintch, = Ept—cryx,0 ~ Ecn, ~ Epyx,o  (CH,bonding)
4

Results

Hydrogen Adsorption. Although the calculations for H on
the model cluster utilized in this work have been reported
previously, the heats of adsorptioBaqs and intrinsic bond
energiesk;, for Pt—H are given here in Table 1. The optimized

interface, and this tilt is largest in the case of the/O:
compare Figure 2A with B. The PH bond length is 1.55 A
for adsorption in the atop position on the/FO cluster, with
Pt—Pt bond lengths varying from 2.49 to 2.59 A. Foy/Re0,
the Pt-H bond length is 1.59 A, and the PPt bond lengths
range from 2.56 to 2.59 A.

The gross population density of states (GPDOS) for the H
and Pfyrrace atoms for the RIF,O and P#NaO clusters are
shown in Figures 3 and 4, respectively. Several observations
can be made: The H 1s state around2 eV is split into
multiple peaks, with maxima aligning with peaks in the Pt 6s,p
DOS. The Pt 5d band also has significant intensity and overlaps
with the maxima in the H 1s DOS, suggesting that 5d also
participates in the bonding. Above the Fermi level, the H 1s
Pt 6s,p antibonding state (AS) is clearly visible. Compared with
the acidic KO support, the H 1s also overlaps similarly with
the Pt 6s,p and Pt 5d states on the®aupport, but now much
more with the Pt 6p. Indeed, the significant increase of 6s,p
contribution overlapping with the H 1s arourét and—9 eV
appears to be the major difference between %@ &d NaO
supports. Moreover, there are clearly more Pt 6sp states below
the Fermi level in the N case.

geometries are given in Figure 2 for completeness. Regardless CHj Adsorption. The most favorable adsorption site for a
of the support (N2O vs F,0), when starting in the 3-fold hollow  single CH on the supported Ptluster is the atop position. If
site, the hydrogen drifts to the atop site after geometry CHs;was placed in another adsorption site initially, it drifted to
optimization. Moreover, a single hydrogen in the atop site is the atop position during the geometry optimization. The
much more stable than in the bridged site (Table 1). Alsgs optimized geometries for Gi-hdsorbed on the PE,O and Py/
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Figure 3. H 1s GPDOS and the surface Pt atom 5d,6s,p GPDOS for 5d,6s,p GPDOS for CHadsorbed in the atop position on a/P$O

hydrogen adsorbed in the atop position on #/90 cluster. The Pt 6s
and 6p GPDOS is magnified by a factor of B is the Fermi level.
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Figure 4. H 1s GPDOS and the surface Pt atom 5d,6s,p GPDOS for Pt atom 5d,6s,p GPDOS for GHdsorbed in the bridged position on

hydrogen adsorbed in the atop position on ANRLO cluster. The Pt
6s and 6p GPDOS is magnified by a factor os.is the Fermi level.

N&0O cluster are shown in Figure 2C,D. Thef& bond length
for the P#/F,O (and P#Na) cluster is 2.02 A (2.09 A) and

a Pt/F,0 cluster. The Pt 6s and 6p GPDOS is magnified by a factor of
5. Er is the Fermi level.

CH32 Adsorption. The favored adsorption site for the gH
fragment is the bridged site for both supports. The optimized

the PPt bond lengths range between 2.48 and 2.70 A (2.61 geometries are shown in Figure 2E,F. The two hydrogen atoms

and 2.66 A). The Chladsorbate is tilted toward the interface
with the RO support, but nearly perfectly in the atop geometry
for the NaO support.

The intrinsic bond energki,; for Pt—CHjz is smaller for the
acidic support (Table 1), just as was observed for theHPt
bond; however, the difference is much smaller forsCH6 kJ/
(mol CHg) vs 35 kJ/(mol H). The heat of adsorption for €id

are eclipsed with respect to the two Pt atoms bonded to the
carbon. In other words, CHshows a tetrahedral coordination
together with the two Pt atoms. TheRtace—C bond lengths
are 2.02 and 2.04 A and thesRtce—C are 1.97 and 1.99 A for
Pu/F,O and P#/N&O, respectively. The PtPt bond length
between the 2 Pt atoms in the cluster that bond to the CH
decreases from 3.07 to 2.62 A for M0 and P#NaO,

50 kJ/mol smaller in the case of an acidic support compared to respectively.

a basic support.

The GPDOS for Chladsorbed in the atop position on the
PWF,O cluster is shown in Figure 5. Because no extra
information is obtained from the results for tha/Rig;O cluster,
these results are omitted. For the/P4O cluster, the DOS show
maxima at approximately-12 eV for both the H 1s and C 2s,p
states. These maxima represent theHbond involving the C
2p, orbital. This C-H bonding orbital is degenerate with some

The other adsorption positions, the 3-fold hollow site and
the atop site, are less stable by-5@ kJ/mol (Table 1). If CH
is initially placed in the 3-fold site for the PNayO cluster, it
drifts toward the atop position during the geometry optimization.
Due to symmetry restrictions in this calculation (the symmetry
is Cy), the CH, fragment cannot move to the bridged site.

The intrinsic bond energy of CHn the bridged position is
lower by 13 kJ/mol in the case of the acidigdrsupport -605

Pt 5d states, indicating that some mixing between those orbitalskJ/mol vs—592 kJ/mol). This is the reverse order to that found
occurs. The overlap between the C 2s and H 1s orbital is locatedfor the adsorption of H and CiHwhich were adsorbed more

at lower energy and is not shown in Figure 5.At11 eV, a

strongly on the basic supported;luster. In contrast, the heat

second, smaller peak in the C 2p DOS is visible, corresponding of adsorption, which includes the adsorption of 2 hydrogen
to a peak in the Pt 6s,p states. The H 1s shows no intensity atatoms, is lowest in the case of the basic suppetd5.7 kJ/

that energy, suggesting that this is primarily the-tbond.

Therefore the PtC has significant 6s and 5d character. Just

mol compared to-49.6 kJ/mol).
Figure 6 shows the GPDOS for the gBidsorbed on a Kt

above the Fermi level another maximum in the C 2p and Pt F,O cluster in the bridged position. The results for thgNP4,0

6s,p states is visible, showing the antibonding state.

cluster are omitted here because no critical information is
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obtained from these DOS. Only the H 1s, C 2s,p and Pt 5d 6s,p
DOS of the Pt atoms attached to the £dfe shown (Figure 6).

At ~—13 eV the C 2p and H 1s DOS show simultaneously a
maximum, representing the-G4 bond. The Pt states peak at a
little higher energy, indicating that the mixing between thetC
bond and Pt states is limited. At12 eV, the C 2s,p states show

a second maximum in the DOS, this is essentially the@t
bond. The Pt 5d and 6s,p DOS for both the surface and the
interface atoms peak at the same position. Compared t9 CH
adsorption (Figure 5), the relative intensity of the Pt 6s,p states
is decreased significantly in the primary-R bond orbital. Just
above the Fermi level at6 eV, the C 2p and Pt 6s,p states
reveal an antibonding state. Note the larggf8s,p contribution

in this antibonding orbital compared to the atop £thse,
reflecting the decreased importance of 6sp bonding in the
bridged CH case.

lonic (basic)

Covalent (Acidic)

Figure 7. Schematic illustration of the interstitial bond orbital (IBO)
inside a tetrahedral Ptluster on a ionic (basic) and covalent (acidic)
support, with one H atom adsorbed in an atop position.

to the Pt surface with increasing electron richness of the support
oxygen atoms (more basic suppdf)n addition, some anti-
Hydrogen Adsorption. The PtH bond lengths with H in bonding 6s,p states are shifted below the Fermi level and become
the atop position (1.56 and 1.59 A for the@ and NaO populated at the cost of the Pt 5d. This can also be seen when
supports, respectively) are in good agreement with the value ofthe H DOS on R{F,0 (Figure 3) and RtN&O (Figure 4) are
1.57 A reported by Papoian et &The PPt bond lengths, ~ compared. There are clearly more Pt 6s,p states below the Fermi
which are between 2.49 and 2.59 A, are low compared to the level for NaO, and they are at lower energy relative to the
bulk value of 2.77 A. However, it is well-known that due to Fermi level. These 6s,p states overlap strongly with the H 1s
the increasing dehybridization of the Pt valence orbitals for orbital. Effectively, with increasing electron richness, the Pt
decreasing Pt particle sizes the4Pt bond strength increases valence band rehybridizes and obtains more 6s,p character, e.g.,
and consequently the PPt coordination distance decreases for from 5d6s' to 5cf86s-2
small clusterg?-38Thus, our calculations clearly reproduce the ~ These results show that the changes in the-Pbond strength
geometries that have been found in the literature. In general,are correlated with changes in the Pt 6s,p states. When the IBO
the favored adsorption position for hydrogen on flat Pt(111) moves toward the metabupport interface, as is the case for
surfaces is the 3-fold sif8:3” However, for small clusters the  the acidic support® it can no longer participate in the Pt
first hydrogen that adsorbs is known to go into the atop bond. The IBO is located below the 5d band-t5 eV in the
position20.22 Pt/F,0 cluster, and at that energy the H 1s DOS shows no
The adsorption energies that are fourelQ0 to—170 kJ/ intensity, revealing a lack of bonding between the hydrogen
(mol Hy)) for H adsorption here are larger than is generally and the IBO. However, on the Na support, the IBO is located
found for H/Pt(111) £35 +20 kJ/mol)232834The much higher ~ at the surfacé® Therefore, the IBO can participate in the-fPt
adsorption energy for hydrogen on the small model cluster bond and this is indeed shown in Figure 4 for the H ang&%
compared to adsorption on Pt(111) surfaces no doubt arises fromDOS of Pi/NaO. In this cluster, the IBO is located &9 eV,
the low Pt-Pt coordination at such sharp cluster corners where and the H 1s orbital shows a small peak at this energy. Because
the H is bonded. It also generally agrees with temperature Sp states are mixed with the 5d band to a greater extent on the
programmed desorption studies that show that all hydrogen basic NaO support, the altered symmetry of the-385,p orbital
desorbs below 300350 K from Pt(111) surfacé%“°whereas  (they become more sp like) improves the overlap with H 1s,
hydrogen remains on the surface up to 450 K for stepped and consequently, the PH bond is strengthened.
edged**142or on highly dispersed particlég3 Figure 7 illustrates the nature of the IBO and how this changes
The origin of the large difference in the adsorption energy with the acidity of the support on the basis of the ADF results
for basic and acidic supports lies in the relatively large in Figures 3 and 4. Here the IBO is sketched as a combination
contribution of Pt 6s,p states to-Pt bonding, as indicated  of Pt 6s,p orbitals overlapping at the center of the tetrahedron.
already in the Introduction. As can be seen in the DOS for the The more Pt 6p character, the more we elongate the orbital on
Pt/F,0 cluster (Figure 3), the maxima of the H 1s DOS align the Pt. Thus on the basic support, the,6s,p contribution is
to a large extent with the Pt 6s,p peaks. This suggests that thesignificantly elongated, showing a strong overlap with the
bonding of hydrogen to Pt via the Pt 6s,p states is very adsorbate, whereas on the acidic support, the@3tp contribu-
significant. This has also been reported previously in the tions are elongated, showing strong overlap with the support O
literature. Kua and Goddattiperformed generalized valence atoms. Figure 3 (although not showing the DOS on thg Pt
bond (GVB) calculations on a series of Pt clusters of variable atoms) does show small &t 6p DOS just below the Fermi
size and showed that hydrogen binds in part via the so-calledlevel. This arises because of mixing of the,Rand P orbitals,
“interstitial bonding orbital” (IBO). When bulk Pt is involved,  and the R orbitals are mixing with the O nonbonding orbitials
Pt atoms share one IBO in each tetrahedron. In fact, this IBO on the support O atoms. Overall, a shifting of the IBO from
is the bonding combination of the Pt 6s and 6p orbitals inja Pt the surface to the interface occurs with increasing acidity, as
tetrahedron. Although others do not use the IBO terminology, illustrated in Figure 7. Because thesf#H bond has a strong
it is generally found that the Pt 6s,p states play a significant Pt 6s,p component, this shift significantly affects the Rtbond

Discussion

role in the bonding of H on P€ The specific symmetry
properties of the Pt 6s,p orbitals are very beneficial forHPt
bonding.

In an earlier paper, it was shown that the location of the IBO
within the Pt particle shifts from the metasupport interface

strength.

The shift of the s,p states toward the interface with the acidic
cluster can also explain the remarkable difference in the
geometry of the H in the atop position in the/Rta,0 and P4/

F,0 cluster. H is tilted much more toward the interface region
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in the case of the acidic,P support (Figure 2). Because the Pt state and true bond energy are not calculated. The trends that
6s,p states are very important in the-Ptbonding, the hydrogen  are observed, however, are not spin-related and can be calculated
atom tries to “follow” the metal sp states. Therefore, the Pt 6s,p reliably without using the computationally expensive calcula-
states not only determine the-Ri bond energy but also tions including spir-orbit effects. AlthougtEy is only lower
influence the geometry. by 16 kJ/mol for the basic support, the heat of adsorpEgp

The DFT calculations indicate a preference for the atop site is lower by 50 kJ/mol. This large drop Eugsreflects the much
at low coverage, especially on these small clusters. So far, atoplarger change (35 kJ/mol) in PH bond strength going from
H has never been seen spectroscopically on Pt, except at venacidic to basic supports.
high coverage in an electrochemical é&knd on Pt black at When the DOS for Cklvs H adsorbed on BE,0 (Figures
low temperature$’ but never at temperatures greater than 330 5 and 3) are compared, some interesting differences are seen.
K. Although atop H has been seen via HREELS on Ir(111), it The C 2p states show some overlap with the Pt 6s,p states, but
has not been seen on Pt(111) at any coverage or temperaturethe degree of overlap is much smaller forHs than for Pt
However, Kua and Goddatthave suggested that at very low H. However, the PtCHs bond involves more Pt 5d states than
coverage (below 1/7 monolayer [ML]) H may in fact prefer the ' the Pt-H bond. This means that the Pt 6s,p states are more

atop sites on Pt(111), because it can then maximize its overlapimportant for the PtH bonding and that the Pt 5d states are
with three interstitial bond orbitals (IBO), although recent ADF  more essential for the chemisorption of £6h Pt.

results reported by Koper and van Saritefo not find this. At The Pt 6s and 6p orbitals are very diffuse, whereas the Pt 5d
coverage abave this Ievgl, the H C'?af'y prefers the 3'f.°|d fee orbitals are more localized with specific geometries. Due to their
sites on Pi(111), where it can maximize its overlap with one delocalized nature, the Pt 6s,p states have more interaction with
IBO, and not have to share with other H. Receftifiowever, the support and consequently are less affected than the localized

ato? lhyd(rjc_)gen heés been c>|bs$rve(_1|d_for Smla”;( 1me Pt ADF Pt 5d states. Because the Pt 6s and p states are more important
particles dispersed on covalent (acidic) supports. Further, for chemisorption of H than for C§lit can be concluded that

2

resullté’ show that When.two or three H atoms are placed on the influence of the support is less important for the chemi-
the simple Picluster considered here, the H atoms indeed move sorption of CH
to the bridged and 3-fold sites, respectively. Thus the preferred P ) .
adsorption site depends strongly on the H coverage, and the CHz Adsorption. As expected, Chipreferentially adsorbs
ADF results reported here are not necessarily inconsistent with N the bridged position where it can complete the carbon’s
previously reported theoretical or experimental results. tetrahedraIAggonjetry (Figure 2E.,F). The-Bt bond length

A point about the zero point energies needs to be made here%f ;12'?086,27 blst iltni ang]rerer]mi:]tllv?t; t:?h wgrl?f /S?fr Kura: gr;)d
The total energy of a cluster was determined relative to the 0 6a ' utitis much smalfler than the 2.5 A reported by
atomic reference energies according to Baerends. taaid Pauf® for the adsorption of CHlin the bridged posm_on on Pd-
the calculations performed were in the spin-restricted mode. A l(ll;).tln thle casel of th?_EIFgOf ttlquustetr,bthedaldsortp;]tltongofogg
classic example of what can occur in this approximation will eads 1o a large elongation ot ond length 1o o. .
become clear from the following. From egs 1 and 3, the between the Pt atoms forming the bridge. This elongatpn
difference Eagsyy — 2Emu equals —Ey, + 2Eq with the suggests that the GHs adsorbed very strongly, becagse it
dissociation eﬁergy of the Hmolecule around 440 kJ/mé. weakens the PtPt bond to a large extent. This elon_gatlon is
However, the results in Table 1 give this energy difference to not observed for the E{NQQO cluster. In agr.eement with these
be approximately 645 kJ/mol. At equilibrium distance; id observations, thg intrinsic bond enerfy; is more negative
reasonably well approximated in the spin-restricted mode (More exothermic) by 13 kJ/mol for the JO cluster
because of the closed shell system, but at the dissociation limitcompared to the BN&O cluster. However, the heat of
the spin-restricted approximation gives an energy for two 2dSOrptiorEagsis more negative in the case of theResupport.
separated H atoms that is much too high because of the largeT NS @gain is caused by the larger difference in theHPbond
ionic components (H") forced in this approximation for two strength, because during the dissociative adsorption af&H
separated H atonf8.Thus theEgsenergies are generally more  CHz, CHa— CH; + 2H, two hydrogen atoms are adsorbed on
reliable for comparison with experimental and non-spin- the Pj cluster. This means that the dissociative adsorption of
restricted calculations, but both the relatfgsandE, energies ~ CHa is more exothermic for adsorption on tha/Rie,O cluster
are reliable for determining the preferred binding sites. than itis on the RIF,0 cluster, although the intrinsic PCH,

CHa Adsorption. The optimized geometries for GHad- bond strengths are in the reverse order. Clearly, the change in
sorbed in the atop site show features similar to those of the H € CHheat of adsorption is governed by the hydrogen intrinsic

adsorbed in the atop position. The-Rt bond lengths of 2.03  adsorption energy.

(acidic cluster) and 2.09 A (basic) are similar to values reported ~ From a comparison of the DOS of Glth the bridged position

in the literature?6-28 The favored atop adsorption position is (Figure 6) with the DOS of Cklon the atop position (Figure
also well-known for the adsorption of GHragments. CH 5) on the P#F0 cluster, it is clear that the GHadsorption
fragments generally tend to maintain the tetrahedral geometry;involves even less Pt 6s,p states and more Pt 5d states than the
i.e., CHs adsorbs in an atop position, Gk the bridged position, ~ CHs. Therefore, the adsorption of GHs mainly determined

and CH in the 3-fold hollow sit@¢—28.46 by the influence of the support acidity on the d-band. On acidic

We find intrinsic bond energieiy for adsorption of CH supports, the d-band is shifted to lower energies, which is
and H of—304 kJ/mol (EO support) to—320 kJ/mol (NaO). beneficial for the overlap of the C 2p and Pt 5d band when
This is larger than the values reported in the literatur@Qq0 CH is adsorbed.

kJ/mol*®) for CH;z adsorption on Pt(111) surfaces. This differ- The importance of the Pt 5d states for the bonding of CH
ence is caused again by the coordinatively unsaturated naturéragments is in agreement with results reported by Ngrskov et
of the Pt atoms in a Pt cluster compared to a flat (111) surface. al.#” They show that the adsorption energy correlates with the
In addition, the calculations reported here do not fully account energy of the d-band center across a transition metal series. The
for the spin properties, and therefore the true atomic ground diffuse metal sp states effectively are the same across a transition
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20 compared to ChHand CH. This has significant implications
£ ADF for catalysis. It suggests that when changes are seen in the
TT 10 - turnover frequency with support ionicity, these changes may
=3 result more from changes in the H or O coverage, than from
£z 0 changes in the bond strength of the-Rydrocarbon.
g.,% Ad As mentioned in the Introduction above, in the conversion
8 5‘10 Tii IBO. $ Covalent of neopentane (E€(CHa)4), it has been observed that the rate
: : ionic of hydrogenolysis is several orders of magnitude higher when
i -5'20 i Pt particles are supported on an acidic support compared to a
2 basic support. A detailed analysis of the kinetic data for
o I : . neopentane hydrogenolysis as reported B9 neently showed
br-O br-CH, at-CH, at-H

that the H coverage directly affected the neopentd?tebond
strength through the Frumkin isotherm and thereby changed the
activation energy for the reaction. Preliminary results for the
hydrogenation of benzene and other alkenes catalyzed by Pt on
supports with different ionicities show that the change in H
coverage may be the most responsible for the observed change
in reactivity.

The decreasing bond strength of the-Btbond with ionicity
of the support can also have significant implications for reactions
involving O. In the direct methanol fuel cell, CO poisoning of
the Pt surface is a severe probléhPt is often alloyed with
another metal such as Ru, to lower the potential for the onset
of OH formation from the water. This OH, in the bifunctional
mechanism is believed to react with the CO, producing,CO
which then leaves the surfaé®>! These results suggest that it

More 5d- bonding

"l
*

Figure 8. Relative intrinsic bond energy as a function of the type of
Pt—adsorbate bonding with the covalent (acid)/ionic (basic) properties
of the support as independent parameter. The avétags set to zero

for each adsorbate. The Pt [spHsi)] ratio determines the support
effect.

More IBO sp bonding

.
>

metal series, and only changes in the d-band are reflected in
the adsorption energies.

Oxygen Adsorption. As shown in work previously re-
ported?d the Pt 6s,p orbitals are much less significant in the
Pt0O bonding compared with PH, so the IBO rearrangement
is not primarily responsible for the change i bonding
with support acidity in this case. Indeed the DFT results in Table

1 confirm that the PtO bond strength increases on the acidic s orthwhile to consider changing the support from the usual
O/P(F,0); cluster compared with the basic cluster Q/Pt  amorphous carbon at the cathode of the fuel cell. A highly
(N?zo)s (an increase of nearly 30% compared with a less than cqyajent (acidic) support, which according to the results above
10% decrease for PH; see Table 1). The Figure 8 insert ghoyld decrease the potential for the onset of OH and O
schematically illustrates the decrease in ionic character (increasggrmation. should lower the potential when the CO oxidation
in covalent character and hence bond strength) of-&0Htond reaction occurs. This would significantly decrease the CO

with increasing Pt 5d valence band shift to higher binding poisoning and thereby increase the efficiency of the methanol
energy. This schematic is appropriate for a transition metal, an yyigation.

example of the adsorbate/metal bonding in the “two-level”
strong adsorption limit®

. . Conclusions
Influence of the Support Acid/base Properties on the

Adsorbate Bonding When the DOS for adsorption of H, GH
and CH in their optimal positions are compared, the importance
of the Pt 6s,p states in the bonding increases in the order O
CH; < CHs < H. The high importance of the metal d orbitals
in the M—CH, bond with highly unsaturated C atoms (emq.,

= 0) was observed earli#r and as discussed above, the
predominance of Pd d orbital bonding with O is also well-

DFT results for CH on small supported Pt clusters, along
with those reported previously for O and H, show that the
importance of the Pt 6s,p states in the chemisorption bond
increases in the order @ CH, < CHsz < H. The Pt 5d and
6s,p states are influenced strongly by the support acid/base
properties, thereby influencing the bonding of the adsorbates.
On covalent (acidic) supports, the sp states are moved toward

known. The influence of the support acid/base properties on the metat-support interface, and consequently, the adsorbate
adsorbate bonding appears to be the largest when the adosrbateond energies are decreased for;Céhd H, when Pt 6s,p
bonding is dominated by either the Pt 5d or Pt 6s,p. The bonding dominates. However, on ionic (basic) supports the Pt
calculations involving Ckll and CH adsorbed on BX20)s 6s,p states are located at the surface of the Pt cluster and are
clusters showed relatively small differences in the bonding with readily available for the bonding to adsorbates. In contrast, the
a change in X, even though the Ciragments also have a strong Pt 5d orbitals dominate for PICH, and O adsorbate bonding.
bonding component with the Pt d orbitals. Indeed the trend in In this case the Ptadsorbate bond is stronger for acidic supports
the PtC bond strength is in the opposite direction for the atop than for basic supports.

CHs (decrease in PtC bonding) versus the bridged GH These results have significant implications for catalysis. They
(increase in PtC bonding) fragment with support acidity. It  have already been used to explain the compensation effect and
seems clear that the Gffagments have significant components the negative order in the partial pressure of hydrogen found for
of both 5d and 6s,p, and the opposite effects of the 5d valencethe hydrogenolysis of neopentane catalyzed by supported Pt
band shift and 6sp IBO rearrangement on the bonding cancelparticled® and have potential for use in designing improved
each other nearly out. The Pt 6s,p/Pt 5d bonding ratio apparentlycatalysts in the direct methanol fuel cell.

increases in the order O(b¥) CHy(br) < CHs(atop) < H(atop).
Figure 8 shows the change i (acid—base/base) relative to
that in the acidic support for each of the adsorbates. Further,
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