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Abstract

In this study, quantum-chemical calculations were performed on the interface characteristics of certain precious metal
containing zirconia catalysts, viz., M/ZgOM = Rh, Pd or Pt. Using periodic density functional theory method, we were able
to show that the Pd-supported zirconia catalyst (PdZt@s outstanding performance for NO activation. However, it was
noted that this catalyst is thermodynamically less stable than the analogous Pi&tém. In addition, using accelerated
guantum-chemical molecular dynamics method, we also clarified that the free Pt particle has completely negative surface
charge while particle supported on the Zr€urface showed different surface density states.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction that, in recent years, zirconia (ZsPhas been increas-
ingly used for a variety of applications including cata-
Precious metals such as Rh, Pd and Pt are one of thdyst, catalyst support, fuel cell, automotive gas sensor,
essential ingredients for the so-called three-way auto- etc. [1-4]. The tailored physico-chemical properties
motive exhaust catalyst, which can simultaneously de- of zirconia including structure, redox, and acid—base
crease the amount of the pollutants, viz., CO, HCs and characteristics make it as an attractive catalyst and
NO,. However, a uniform dispersion of the metal par- catalyst support for a number of reactidis3,5-7]
ticles is necessary for the enhancement of the catalytic Zirconia exhibits three well-defined polymorphs, the
activity as well as for the reduction in the catalyst cost. monoclinic (m), tetragonal (t) and cubic (c) phases; it
Hence, various metal oxide supports have been uti- has also been shown that a high-pressure orthorhombic
lized for the preparation of well-dispersed supported form exists. The monoclinic pha$g-10]is stable up
metal catalysts. In this regard, it is noteworthy here to 1400K where it transforms to the tetragonal phase
[11,12] which is stable up to 1570 K while the cubic
" Corresponding author. Tek+81-22-217-7233; phasg13,14]exists up to _the melting point of 2_980 K
fax: +81-22-217-7235. [8-14]. However, the cubic phase can be stabilized by
E-mail address: miyamoto@aki.che.tohoku.ac.jp (A. Miyamoto).  the addition of divalent cations such as?CaMg?+

0920-5861/$ — see front matter © 2003 Elsevier B.V. All rights reserved.
doi:10.1016/j.cattod.2003.09.013



44 C. Jung et al./Catalysis Today 87 (2003) 43-50

or Y3t. The stabilized zirconia has been extensively [24] as implemented in DMol3 softwarf25]. The
studied both theoretically and experimentally due to one-electron Schrddinger equations were solved at
its wide technological applicationd5,16] Among K = 0 wave-vector point of the Brillouin-zone. In or-
the numerous precious metal supported catalyst sys-der to reduce a computational cost, all core electrons
tems, e.qg., Pt/ZrQ PUTIO,, Pt/Al,O3, etc., the metal were represented by effective core pseudopotentials
supported zirconia finds special attention owing the (ECP)[25]. Basis sets are represented by the numer-
stability in wide temperature range, and that the lat- ical type atomic orbitals, and in this study double
ter two are deactivated under the same experimentalnumerical with polarization (DNP) basis sets were

conditions[17].

At this juncture, it is, however, important to men-
tion here that only very few theoretical studies have
been performed on the precious metal/Zr€atalysts

employed. Vosk—-Wilk—Nusair (VWNJ26] local cor-
relation functional was used in order to optimize
geometries. More accurate generalized gradient ap-
proximation (GGA) in terms of Perdew—Wang func-

[18]. On the other hand, in recent years, computational tional [27] was also used and the results are compared
methods have become a powerful research tool for with those obtained by VWN. For the geometry op-

understanding the chemical reactions. For example,

timization, BFGS algorithnj25] was employed. The

methods based on quantum-chemical theory provide self-consistent field (SCF) convergence criterion was

information at atomic/molecular level. In particular,
the density functional theory (DFT) calculations pro-

vide accurate energetic and density state of materials

including heavy metals. In this investigation, we em-
ploy periodic DFT calculations to study the interface

properties of precious metal supported zirconia cata-

lyst system (M/ZrQ; M = Rh, Pd or Pt). On the other

set to 10° ha, while the gradient convergence was
set to 103 ha/Bohr.

2.2. Quantum-chemical molecular dynamics
method

The tight-binding quantum-chemical molecular

costs, and hence only a small model30-50 atoms;
much smaller number for transition metals) can be

originally developed “Colors” cod¢9-11]. In this
program, the total energy and force for each atom are

simulated. In this regard, recently, we have success- expressed b¥qgs. (1) and (2)respectively.

fully developed a novel quantum-chemical molecular
dynamics program ‘Colorg19-23] which allows for

the determination of important properties of molecules
and molecular systems with large number of atoms.
Further, this program is over 5000 times faster than
the regular first principles molecular dynamics pro-
grams, and can therefore effectively simulate the
chemical reaction dynamics by considering the elec-
tronic state of large simulation model systems. In this

paper, we present the results on the activation NO over

Rh, Pd and Pt supported ZsQatalyst systems us-
ing both periodic density functional, and accelerated
guantum-chemical molecular dynamics methods.

2. Method
2.1. Periodic density functional method

Periodic DFT calculations were performed by
solving the Kohn—Sham equations self-consistently
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whereZ; is the atomic charges the elementary elec-
tric charge, and;; the interaction distance. The first
term refers to the kinetic energy, the second term is
the summation of the eigenvalues of all occupied or-
bitals calculated by the tight-binding calculation, and
the third term represents the Coulombic interaction.
The last term corresponds to the short-range exchange
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repulsion energy. The short-range exchange repulsionsame charge calculated by the DFT methBggr):

term, Erep(R;;) is represented by the following equa-
tion:

aijj — Tij

o

Here, the parameteis and b represent the size and
stiffness, respectively.

Erep(Rij) = bjj eXp[ (3

2.3. First principles parameterization

In a similar way to the previous tight-binding
guantum-chemical molecular dynamics method, we
used various parameters in “Colors”, viz., the va-
lence state ionization potential (VSIP) of atomic
orbital i (I; = —Hjj) and the Slater exponent of
atomic orbital i (¢;). These parameters were de-
termined by the first principles density functional
calculations for various charges and spin states of
the atoms. On the basis of the improvement in the
Wolfsberg—Helmholz formula by Andersd28] and
Calzaferri et al[29], we used the following expression
for Hys:

Hys = %Krs(Hrr + Hs9) Srs (4)

Krs=1+ (krs+ A% - A4Krs) exp[—érs(Rij —do)] (5)

_ Hy — Hss

A= 758
HTF+HSS

(6)
wherex, §, anddg are parameters for the tight-binding
Hamiltonian, and thaKs, i.e., k;s and §;s was de-
termined for each pair of atomic orbitals to fur-
ther improve the accuracy in the chemical bond-
ing calculations. In the conventional tight-binding
calculations, the total orbital energy is calculated
by

occ

E = Zé‘k
k=1

whereg,, is the orbital energy. Taking into account the
work by Anderson[28,30] and Anderson and Hoff-
man[31] to improve the accuracy in the total valence
electron energy, we introduced the following term for
individual atoms with a different charge on the basis
of the total electron energy of the same atom with the

)

occ

AE; = EpFT — Zek
k=1

®

AE; is calculated for every simulated atoms with dif-

ferent charges and used to correct the total orbital
energy in the tight-binding calculations. The various
structures during the molecular dynamics simulations
were visualized using RYUGA prograf82].

3. Results and discussion

3.1. DFT study of precious metal/ZrO, catalysts and
their reactivity

In the present study, the (111) surface of mono-
clinic and cubic zirconia was employed for the calcu-
lation, as it is one of the stable surfaces for both these
structure433]. The cubic phase can, however, be sta-
bled the addition of trivalent metal ions such as yttrium
or calcium.Fig. 1 depicts the (111) surface of cubic
and monoclinic structures consisting of 8 zirconium
and 16 oxygen atoms. The simulation cell dimension
of m-ZrO, (111) surface and c-Zr)(111) surface
were fixed toa = 7.32A, b = 7.44A, 0 = y = 907,
B=1147°a=621A b =717TA a=p=y =
90, respectively. A pseudo-vacuum was applied along
the c-axis (~10A) on all of the surface models.

As shown inFig. 2, at first, four atoms clusters of
precious metals (gt Pd; and Rh) were deposited
on the (111) surface of both c-ZgGand m-ZrQ in
such a way that each Pt atom is bonded to surface

s 7r

3

[ v
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Cubic (111) Monoclinic (111)

Fig. 1. Cubic and monoclinic Zr9(11 1) surfaces.
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Fig. 2. Initial model for four (metal) atoms cluster on c-ZrO
(111) surface.

oxygen. However, geometry optimization, using
VWN functional, results in the formation of three
linear metal-oxygen (M—0O) bonds on cubic (111)
surface. On the other hand, two linear M—O bonds and
one of the twofold M—O bond (one metal bonded with
two surface oxygen) is noticed in the case of mono-
clinic (111) surface. This difference in the adsorbed
structures could be attributed to the difference in sur-
face oxygen-oxygen (O-O) distance. For example,
in the case of cubic Zr9(111), the O-0O distance
is 3.585 A while for the monoclinic Zr©(11 1) sur-
face, four different O-O distance exists, i.e., 3.697,
3.214, 3.182 and 2.888 A. Two surface oxygen atoms
with 2.888 A seem to be more suitable to make the
twofold adsorption structure with the metal clusters.
Table 1 presents the optimized bond distances
of metal-metal (M—M) and M-O. In this table,
metahottom iNdicates three metal atoms are bonded
to the surface oxygen, while meggl means that an-
other metal atom is located on top of the three metal
(metahotom) atoms. We have also calculated the M—M
distance for the isolated Mclusters and the values

Table 1
Optimized structure of M clusters on Zr@ (111) surface
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are 2.62, 2.59, and 2.46 A for thesPPd; and Rh, re-
spectively. However, as can be seen frdable 1, for

all the supported clusters, the mgtabn—metabottom
distances are elongated while the mgjgh—metalop
distances are shortened. Such an effect is more
pronounced in the case of cubic structure as the
metahotton—OXYJERurace distance, i.e., three linear
metahottor—OXYJ€Rurace bONdS, is much shorter as
compared with the monoclinic surface where the
twofold metapotion—OXygeRurface bONd has much
lower influence on the meighon—metalyp distance.
Further, it was also noticed that the rearrangement of
the metal clusters occurred more significantly on the
monoclinic surface.

Table 2 summarizes the adsorption energy and
charge state of each metal clusters. As can be seen
from this table that Rtcluster shows much stronger
interaction with cubic and monoclinic surface than
the Pd cluster, indicating that the P¥ZrO, interface
is energetically more stable than the corresponding
Pdi/ZrO, interface. On the other hand, the adsorbed
metal clusters have positive charges, and the negative
charges are transferred to the surface oxygen. Fur-
ther, Pd cluster shows much larger positive charge
than Pj cluster on ZrQ (11 1) surface. The very dif-
ferent charge transfer pattern and adsorption energy
behavior of these metal clusters can be explained
by considering the HOMO-LUMO levels of metal
cluster on the Zr@ surface.Fig. 3 shows the calcu-
lated HOMO-LUMO levels of isolated Ptand Pd
clusters as well as isolated c-Zr(111) surface.
This figure reveals that the charge transfer of Rul
c-ZrO, could occur much easily than that withyRo
c-ZrO,. Conversely, charge transfer of c-zrQL 1 1)
surface to Pgl has larger energetic barrier in com-
parison with c-ZrQ (111) surface to Bt Thus, Pd

ZrO; phase Metal cluster Average distance of Average distance of Average distance of
metahotton—Metabottom metahotton—Metalop metahotton—0XYg€Rurface
A) A) A
Monoclinic Pt 2.742 2.568 2.076
Pd, 2.687 2.553 2.124
Rhy 2.553 2.448 2.107
Cubic Pt 2.632 2.546 2.039
Pd, 2.632 2.546 2.039
Rhy 2.503 2.446 2.031
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Table 2
Adsorption energy and charge ofsMlusters on Zr@ (111) surface
ZrO, phase Metal cluster EPYI9L (kcal/mol) Average charge of cluster ChargeM#otom Charge 0fMiop
Monoclinic Pt —93.2 +0.204 +0.165 to—0.004 —0.018
Pd, —56.5 +0.490 +0.233 to+0.129 —0.029
Rhy —75.6 +0.255 +0.057 to+0.137 —-0.024
Cubic Py —-90.0 +0.184 +0.041 to+0.053 —0.077
Pd, —60.5 +0.363 +0.118 to+0.137 —0.034
Rhy —-84.1 +0.194 +0.062 to+0.095 —0.057

cluster has larger positive charge compared with Pt Table 3
cluster. Moreover, this result suggests that adsorp- No adsorption feature on metal/c-Zr@atalyst

tion energy of the metal cluster is related not only to cCluster Site ERWoL oNo Agof  dno (A)
charge donation of metal cluster to ZrGurface but (kcal/mol) cluster

also charge back-donation of ZsGurface to metal Pt On-top  —36.2 —0.053 +0.005 1.167
cluster. In addition, clear charge polarization was ob- Bridge  -12.6 —0.061 -0.007 1.179
served for the supported metal clusters. Three metals Threefold -13.5 -0.062 +0.004 1.181
bonded with ZrQ surface (metabtom) Show positive Pdy On-top  —41.1 —-0.109 +0.106 1.164
charge while the metal non-bonded with Zr€urface Bridge ~ —42.0 —-0.261 +0.260 1.200

(metalop) shows negative charge. Threefold —25.1 —-0.265 +40.285 1.215

Fig. 4 shows the NO adsorption model of the pre-
cious metal (Pt or Pd) supported c-ZrQL 1 1) sur- threefold site adsorption that makes longer NO bond
face. In these calculations, the metal cluster/cZrO length than the on-top site adsorption. The longer
was fixed for the geometry optimization of NO NO bond distance suggests a largeicontribution
molecule.Table 3gives the calculated properties of between NO molecule and metal clusters. This
NO adsorption on Rtc-ZrO, and Pd/c-ZrO, sys- wr-interaction, however, weakens the NO bond because
tems. It can be noticed from this table that the opti- it increases the population on the N@ 2antibonding
mized NO bond lengthdyp) indicates a bridge and  orbital. The NO molecular chargeno) on Pdi/ZrO;

E im0 3410 eV

- ¥ .
" ............ ‘ E, yyo: -3.741 eV
E jmot 4100 eV O 860 eV 0380eV T
' :.:"' Ejomo: -3:790 eV
Eyono: 4270V ~
3421 eV 3.780 e\/’,:"

Eyono: -7.521 eV

Pt, cluster c-ZrO, (111) surface Pd, cluster

Fig. 3. HOMO-LUMO level of isolated Rtand Pd clusters as well as c-ZegO(1 1 1) surface.
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Fig. 4. NO adsorption site on Mcluster (P and Pd) supported on ¢c-Zr@(111) surface.

is much larger than that on #ZrO> in all of adsorp- lated Pt cluster models, i.e.,sBtand Pis. Fig. 5illus-

tion site. Moreover, Rtc-ZrO, system shows clear trates the c-Zr@ (11 1) supported R4 cluster. This
site tendency of on-top site NO adsorption while c-ZrO; (111) surface include 24 atoms of zirconium
Pdi/ZrO, system shows considerably stronger adsorp- and 48 oxygen atoms with a simulation cell dimension
tion energy on the bridge and threefold site compared of « = 10.76 A, b = 1242 A anda = y = 90°. We
with Pt4/ZrO, system. This reveals that the Pd clus- already established original first principle parameter-
ter is more suitable for the NO dissociation because ization for accelerated quantum-chemical molecular
bridge site and threefold site adsorption make longer dynamics calculatiorj21-23] and same procedure
NO bond distance with much larger-contribution was performed on this studyable 4 shows the Pt
than on-top site adsorption. However, thesRtuster cluster properties after geometrical relaxation by DFT
shows lower stability on the Zr§X1 1 1) surface com-  method and our accelerated quantum-chemical molec-
pared with Pf cluster. These results indicate that the ular dynamics calculation. This result reveals that the
Pdy/c-ZrO, could be a suitable catalyst as prevent- ‘Colors’ code give us very accurate properties opgPt
ing Pd sintering on the Zr9(111) surface. Thus, cluster calculation compared with DFT method. Both
it can be deduced that the Pt/Zr@atalyst could be of DFT and ‘Colors’ results also indicate that surface
used in a condition of higher temperature because charge of the Rg cluster is negative. In the case of
of its higher energetic stability while the Pd/ZrO the latter calculations, the 43tcluster has-0.120 of
catalyst is more suitable in lower temperature con- surface Pt atomic charge while the £tluster shows
dition. In addition, NO adsorption makes a signif- —0.017 of surface Pt atomic charge. This result sug-
icant change of Pdcluster charge Aq of cluster) gests that the negative surface charge could be related
in Pdy/c-ZrO, system, while the Rfc-ZrO, system

shows almost same Ptluster charge during the NO

adsorption. Table 4
Optimized free Pt particle properties

3.2. Quantum-chemical molecular dynamics study Ptia Pt3 Ptss
on the small Pt particle and Pt/ZrO; (BFT) (Colors)  (Colors)
Binding energy (eV) —-53.2 —-53.5 —399.2
For the accelerated quantum-chemical molecular Surface Pt charge -0012 ~ -0.017 -0.120
Surface Pt—Pt length (A) 2.623 2.620 2.626

dynamics calculations, we selected two types of iso-
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Pt,; cluster

Fig. 5. (a) Isolated B§ cluster, and (b) supported jBtcluster on c-Zr@ (111) surface.

(b)- Z_rO_2 surface

(2)

Free Pt particle

Fig. 6. Concept diagram for the charge distribution of: (a) free Pt
particle, and (b) Pt particle on c-ZpQ1 1 1) surface.

to the metal particle size. This charge transfer in Pt
particles has a tendency of negative surface charge,
while the inner atoms of particle have positive charge.
In addition, the surface Pt—Pt bond length is almost
the same on both Pfand Pgs clusters after geome-
try relaxation. However, R$ cluster on cubic Zr@
(111) surface shows more complex charge distribu-
tion, which can be separated to particle properties of
Pt and effects from Zr@support. This supported Pt
particle has positive total charge, especially Pt atoms
bonded with ZrQ surface show larger positive charge
while other Pt atoms have almost neutral charge or
neglect negative charg&ig. 6 shows a concept of

Pt particle charge distribution. Accordingly, we sug-
gest that supported metal particle has variable surface
density state, and that the very different surface den-
sity state could be related to very different activity of
adsorbate molecules.

4. Conclusion

We performed quantum-chemical calculations on
precious metal/Zr@ catalyst systems. Using DFT
method, we clarified that the Pd/ZgCratalyst has
exceptional performance on the NO activation, while
the Pd/ZrQ catalyst is thermodynamically unstable
as compared with Pt/Zrfcatalyst. In addition, using
accelerated quantum-chemical molecular dynamics
method, we demonstrated that the free Pt particle has
completely negative surface charge, and hence the
particle shows different surface density states on the
ZrOo.
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