
ABSTRACT
Multi-scale computational chemistry methods based on the
ultra-accelerated quantum chemical molecular dynamics
(UA-QCMD) are applied to investigate electronic and
atomistic roles of cordierite substrate in sintering of
washcoated automotive catalysts. It is demonstrated that the
UA-QCMD method is effective in performing quantum
chemical molecular dynamics calculations of crystals of
cordierite, Al2O3 and CeZrO4 (hereafter denoted as CZ). It is
around 10,000,000 times faster than a conventional first-
principles molecular dynamics method based on density-
functional theory (DFT). Also, the accuracy of the UA-
QCMD method is demonstrated to be as high as that of DFT.
On the basis of these confirmations and comparison, we
performed extensive quantum chemical molecular dynamics
calculations of surfaces of cordierite, Al2O3 and CZ, and
interfaces of Al2O3 and CZ with cordierite at various
temperatures. These calculations coupled with mesoscopic
sintering simulations have demonstrated that the cordierite
surface forms strong bonds with Al2O3 and CZ, which was
seen to improve significantly the sintering property of
washcoated catalysts under various conditions.

INTRODUCTION
The lifetime of a vehicle catalyst is important in maintaining
low exhaust gas emissions. Typically, mid-life catalyst
durability performance is experimentally examined in engine
dynamometer evaluations. In general, such traditional
confirmation of catalyst performance is done using many
kinds of oils and catalysts in continuous evaluation tests.
However, so far, little work has been devoted to theoretical
evaluation of catalyst sintering behavior. In our previous
papers [1, 2, 3], we have reported the results of an alternative
methodology to experimental durability testing schemes. We
investigated the thermal durability of supported precious
metals, represented as Pt, from micro scale to macro scale.
We focused not only microscopically on thermal diffusion
dynamics of Pt at high temperatures, but also performed
macroscopic long-term, sintering process simulation using a
three-dimensional sintering simulator [1, 2, 3]. In the present
study we have extended our methodology to investigate
electronic and atomistic roles of cordierite substrate in
sintering of washcoated catalysts. Although it is well known
and well accepted that cordierite has excellent mechanical
properties and chemical inertness as a substrate[4, 5, 6, 7], the
electronic and atomistic roles of cordierite have not yet been
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thoroughly studied [8,9]. In this paper we take a step in this
direction.

METHOD
1. ULTRA-ACCELERATED QUANTUM
CHEMICAL MOLECULAR DYNAMICS
(UA-QCMD) METHOD
The electronic structure calculations in the UA-QCMD have
been carried out employing a tight-binding quantum chemical
(TBQC) approach implemented in our in-house computer
code COLORS that can calculate the energies, charges and
bond populations for large-scale systems. The potential
functions calculated by Colors are used in the NEW-RYUDO
molecular dynamics (MD) code to calculate atomic dynamics
based on Newton's equations of motions. When the electronic
structures of the system are changed by a considerable
change in the geometry, COLORS is used to re-evaluate the
potential functions for further molecular dynamics
calculations with NEW-RYUDO. Using this scheme, on
average a speed-up of 10,000,000 times over DFT of
quantum chemical molecular dynamics calculation is realized
[2,3,10,11]. The detailed scheme is described below

In COLORS an electronic structure calculation is performed
by solving the Schrödinger equation (HC = εSC; H, C, ε, and
S refer to the Hamiltonian matrix, eigenvectors, eigenvalues,
and overlap integral matrix, respectively) with the
diagonalization condition (CTSC = I; I refers to the identity
matrix). Simulation is carried out on the basis of Born
Oppenheimer approximation. In order to determine the off-
diagonal elements of H, Hrs, the corrected distance-dependent
Wolfsberg-Helmholz formula (Eq. (1)) was used.

(1)

In order to solve the Schrödinger equation in this simulator,
parameters for Hamiltonian matrix H are used, which will be
explained later. For electronic structure calculations using
COLORS, the total energy of a system is obtained by using
the following equation,

(2)

where the first, second, and third terms on the right-hand side
refer to the molecular orbital (MO) energy, columbic energy,
and exchange-repulsion energy, respectively. The first term
on the right-hand side of Eq. (2) is rewritten as follows,

(3)

where the first and second terms on the right-hand side refer
to the mono-atomic contribution to the binding energy and
the diatomic contribution to the binding energy, respectively
(nk is the number of electrons occupied in k-th MO). A
covalent binding energy calculated from the sum of the
second term of Eq. (3) and exchange-repulsion term in Eq.
(2) for the pair of A and B atoms is used for the
determination of the DAB parameter in the Morse-type 2-
body interatomic potential function described as Eq. (4)
below,

(4)

where EAB, DAB, βAB, RAB, and R*AB refer to the
interatomic potential energy between atoms A and B, binding
energy between atoms A and B, factor for potential curve,
interatomic distance between atoms A and B, and equilibrium
interatomic distance between atoms A and B, respectively.
Using these potentials determined by the above-mentioned
scheme, a classical molecular dynamics (MD) simulation was
performed using the NEW-RYUDO system. In this MD
simulator, a Verlet algorithm is employed to integrate the
equations of motion. The temperature scaling method
implemented is similar to the Woodcock algorithm.

2. PARAMETERIZATION OF UA-QCMD
SIMULATIONS
In order to set the Hamiltonian matrix H and overlap integral
matrix S in our TB-QC simulator which is a part of our UA-
QCMD simulator, exponents of a Slater-type atomic orbital
(AO), denoted as ζr, and valence state ionization potentials
(VSIPs) for the 1s AO of H atoms as well the 2s and 2p AOs
of O atoms, 3s and 3p AOs of Al atoms, s, p, and d AOs for
Pt atoms are necessary. The former parameters are used to
calculate the S matrix and Hrs in Eq. (1). The latter ones are
used for the diagonal element of H (Hrr or Hss in Eq.(1)). The
relationship between Hrr and VSIP of r-th AO of the i-th atom
(Ii

r) is described as Hrr = −Ii
r. In our UA-QCMD simulator,

these are represented by the polynomial functions of atomic
charges. ζr, and Hrr are calculated by the polynomial
functions of atomic charges described by Eqs. (5) and (6),
respectively.

(5)



(6)

In Eqs. (5) and (6), Zi corresponds to the atomic charge on
atom i. The parameters of ζr, i.e., a0, a1, a2, a3, a4, and a5 in
Eq. (5) and of Hrr, i.e., b0, b1, b2, b3, b4, and b5 in Eq. (6),
were determined by DFT calculations, which are summarized
in Tables 1 and 2. The DMol3 code and CASTEP codes were
used for this purpose. The energies werecalculated using the
generalized gradient approximation (GGA) with Perdew-
Burke-Ernzerhof (PBE) exchange-correlation functional.
Since the parameters of UA-QCMD are fitted with the DFT
calculations, this means that the papameters include the
exchange and correlations effects. Similarly the DFT
calculations indicated that the spin non-polarized calculations
are applied to Al2O3, CeZrO2, cordierite, the QCMD
calculations were also done under spin non-polarized
conditions. It should also be noted that the parameters used in
the present UA-OCMD calculations are for ground state
dynamics and thus we did not tune to reproduce the band
gaps.

Table 1. Coefficients a0, a1, a2, a3, a4, and a5 used in Eq.
(5).

Table 2. Coefficients b0, b1, b2, b3, b4, and b5 used in Eq.
(6).

3. KINETIC MONTE CARLO
MESOSCOPIC SINTERING
SIMULATOR, SINTA [1, 2, 3]
Diffusion of supported particles and support particles were
simulated by the Kinetic Monte Carlo (KMC) method.
During the simulation a diffusion direction is randomly
generated while the diffusion length for one KMC step, l, is
calculated as l = (D(r) Δt)1/2, where D(r) and Δt are the
diffusion coefficient given as a function of particle size and
the real-scale diffusion time per KMC step, respectively.
Sintering dynamics simulator, SINTA, enables us to
incorporate atomic scale characteristics of catalytic materials
such as the adsorption energies between Pt and each support.
These atomic scale characteristics are strongly related to the
diffusion behavior of supported precious metals. The values
affecting thermal diffusion can be directly calculated using
our tight-binding based quantum chemical calculation
program, COLORS. We estimated the activation energy for
sintering of the supported metal, EM, from the calculated
adsorption energy of Pt on supports. It was incorporated into
the sintering simulator for ascertaining thermal diffusions as
expressed in Eq. (7)

(7)

In Eq. (7) T, R and n denote the absolute temperature, the gas
constant and particle size dependent coefficient of diffusion
of supported metals or supports. DM0 denotes surface
diffusion coefficient of supported metals. The KMC
simulation proceeds by repeating a sintering event for a pre-



determined number of support and precious-metal particles
for a pre-determined number of steps. The coordinates
calculated by the system are then used to monitor sintering of
the supported precious metal particles. For example when the
center of a support particle moves within the radius of
another support particle, these support particles are changed
to one larger particle with the same volume as the sum of two
particles. This enables one to compare the characteristics of
the sintering process of supported precious metals with
experimental results.

RESULTS AND DISCUSSION
1. VALIDATION OF PARAMETERS
USED IN UA-QCMD
In order to validate the parameters for Colors, crystalline
metal oxides such as Al2O3, SiO2, ZrO2, CeO2, MgO, CZ,
and cordierite were used. The accuracy of the parameters was
ascertained by comparison of atomic charges, atomic orbital
populations, bond populations, and total binding energies of
the metal oxides between Colors and DFT calculations as
shown in Fig. 1. The binding energy calculated by Colors is
proportional to that calculated by DFT (Fig. 1a) and their
ratio is almost one within an error of around 5% (Fig. 1b). It
should also be noted that the ratio of experimental value to
the calculated value has a similar error (on an average of
around 5%), indicating the validity of the parameters used for
Colors calculations.

2. FORMATION DYNAMICS OF AL2O3-
CORDIERITE INTERFACE
In the experimental washcoat process, support particles such
as Al2O3 or CZ form bonds with the cordierite substrate
surface to produce honey-comb catalyst. It has been

demonstrated that the cordierite surface has sufficient bond
strength to ensure reliable washcoating [4, 5, 6, 7]. In order to
investigate bonding characteristics of Al2O3-cordierite
interface, UA-QCMD calculations were performed for the
model shown in Fig. 2(a) where γ-Al2O3(100) plane is in
contact with a cordierite(100) plane. Similar calculations
performed for different combinations of crystal planes of γ-
Al2O3 and cordierite yielded similar results. Therefore,
detailed calculation results are only presented for the model
shown in Fig. 2(a). As shown in Fig. 2(a), initially Al2O3 and
cordierite are slightly separated to simulate the formation
process of the Al2O3-cordierite interface. Figures 3 and 4
show snap shots of dynamic change of Al2O3 and cordierite
during the process. The lattice structure of Al2O3 does not
change significantly, whereas the cordierite surface changes
significantly in comparison to form a stable interface. Almost
constant energies of Al-O bonds at different positions relative
to the interface during the interface formation process attest
to the above observation. On the other hand, the surface
geometry of cordierite changes significantly more as shown
in Figs. 3 and 4. Larger changes in energies of Mg-O, Al-O,
and Si-O bond than that of Al-O bond in Al2O3 are consistent
with the observation of larger surface structure change in
cordierite during the sintering process. This suggests a
flexible nature of cordierite surface that aids stable interface
formation with Al2O3.

Figure 1. Relationship of binding energy of metal oxide calculated by Colors (Ecolors) with that by DFT (EDFT) (open symbols)
or that by thermodynamics (Ethermo)(closed symbols) for MgO (square), Al2O3, SiO2 and cordierite, (a). Results of EDFT/

ECOLORS (open symbols) and Ethermo/ECOLORS (closed symbols) are also shown in (b)



Figure 4. The Al-O bond, (a), and Si-O bond, (b), during
Al2O3-cordierite interface formation dynamics after 500

ps calculation at 300K.

3. FORMATION DYNAMICS OF CZ-
CORDIERITE INTERFACE
As a support material, behavior of CZ is considerably
different from Al2O3. For example, thermal stability of γ-
Al2O3 is much higher than that of CZ, while Pt nano particles
are more stable on CZ than on γ-Al2O3 [1, 2, 3]. Therefore,
the formation dynamics of CZ-cordierite interface was
simulated for a set-up where initially cubic CZ(100) plane is
slightly separated from the surface of cordierite(100) plane.
Figure 5 shows snap shots of dynamic change of CZ and
cordierite during the sintering process. The geometry of CZ
does not seem to change significantly, whereas the cordierite
surface changes significantly in comparison. Almost constant
energies of Ce-O and Zr-O bonds at different positions
relative to the interface during the interface formation process
agree with this observation. On the other hand, the surface

Figure 2. Initial geometry of formation dynamics of Al2O3-cordierite interface, (a) and that of CZ-cordierite interface, (b)
calculated by UA-QCMD method.

Figure 3. Snapshots of bond formation dynamics of O ion of Al2O3 and Mg ion of cordierite at Al2O3-cordierite interface at 300
K for various time steps



geometry of cordierite changes more than that of CZ as
shown in Figs. 5 and 6. In accordance with this observation,
the energies of Mg-O, Al-O, and Si-O bonds change
significantly more than that of Ce-O or Zr-O bond in CZ.
This again suggests a flexible nature of cordierite surface that
assists in stable interface formation. It should also be
mentioned that this behavior of CZ is similar to that of
Al2O3, possibly indicating that flexible nature of cordierite
surface manifests generally for support materials with
entirely different characteristics.

4. DYNAMICS OF AL2O3-CORDIERITE
AND CZ-CORDIERITE INTERFACE AT
VARIOUS TEMPERATURES
Dynamics of atoms at Al2O3-cordierite interface at various
temperatures were calculated and the energies of various
bonds in Al2O3 and cordierite are shown in Fig. 7. As shown
in Fig. 7a, the energy of Al-O bond at the Al2O3-cordierite
interface does not change significantly with temperature and
Al-O bond at higher temperatures is slightly weaker than that

at lower temperatures. Similarly, as shown in Fig 7b, energies
of Mg-O, Al-O, or Si-O bond in cordierite at the interface
does not change significantly with temperature. Similar
results can also be seen for the energies of Al-O, Mg-O, or
Si-O bonds between Al2O3 and cordierite at different
temperatures.

This is consistent with experimental observation [4, 5, 6, 7]
that cordierite exhibits excellent characteristics as a substrate
for automotive catalysts, which are operated at different
(high) temperatures.

Similar results are also observed for CZ-cordierite interface at
various temperatures, as shown in Fig. 8. As shown in Fig.
8a, the energies of CeO and Zr-O bond at the CZ-cordierite
interface does not change significantly with temperature, the
energies at high temperature being slightly weaker than that
at lower temperatures. Similarly, as shown in Fig. 8b,
energies of Mg-O, Al-O, and Si-O bonds in cordierite at the
interface does not change significantly with temperature.
Similar results can also be seen for the energies of Al-O, Mg-
O, Si-O, Zr-O, or Ce-O bonds between CZ and cordierite at
different temperatures. This is also consistent with
experimental findings [4, 5, 6, 7]. 

Figure 5. Snapshots of bond formation dynamics of O ion of CZ and Mg ion of cordierite at CZ-cordierite Interface at 300 K for
various time steps

Figure 6. The Al-O bond, (a), and Si-O bond, (b), during CZ-cordierite interface formation dynamics after 500 ps calculation at
300K.



5. BONDING NATURE OF
CORDIERITE-SUPPORT INTERFACE
From the calculated bond energies between cordierite and
support (CZ and alumina) we can discuss atomistic role of
cordierite in forming bonds at the interface at various
temperatures. In the cordierite crystal, Si-O or Al-O bond is
much stronger than the Mg-O bond. This can be seen in Fig.
7b for Al2O3-cordierite interface and Fig. 8b for CZ-
cordierite interface. On the other hand, Mg-O bond

contributes significantly to the interfacial interaction between
Al2O3 and cordierite (Fig. 7c). Similar results are also
observed for the interaction between CZ and cordierite (Fig.
8). It can also be seen that Ce-O and Zr-O bonds also
contribute to the bonding between CZ and cordierite,
although the energy of Ce-O or Zr-O bond in CZ does not
decrease at the interface. Such a flexible nature of bonding
interaction at cordierite-support interface may also be
responsible for excellent performances of cordierite as a
substrate for automotive catalysts. According to the

Figure 7. Energy change of Al-O bonds in Al2O3,(a), that of Mg-O, Al-O, and Si-O bonds in cordierite,(b), and that of bonds
between Al2O3 and cordierite, (c), for the Al2O3-cordierite interface at various temperatures.

Figure 8. Energy change of Ce-O and Zr-O bonds in CZ, (a), that of Mg-O, Al-O, and Si-O bonds in cordierite, (b), and that of
bonds between CZ and cordierite, (c), for the CZ-cordierite interface at various temperatures.



calculation results in Figs. 7 and 8 CZ interacts with
cordierite more strongly than Al2O3. This is probably because
binding energy of CZ is weaker than Al2O3 and thus more
easily deforms than Al2O3 to optimize the interface structure.

6. ROLE OF CORDIERITE-SUPPORT
INTERACTION IN THE SINTERING
BEHAVIOR OF WASHCOATED CZ
AND AL2O3

In order to investigate the influence of cordierite-support
interaction on the sintering behavior of washcoated catalysts,
the mesoscopic sintering simulator, SINTA, was applied to
simulate sintering dynamics of CZ with and without CZ-
cordierite interaction at different temperatures. Since SINTA
has been validated [1, 2, 3] to simulate accurately the
sintering behavior of Al2O3 and CZ, the same parameters
were used for sintering of CZ and Al2O3 washcoated on

cordierite. To investigate the role of the interface interaction
in sintering clearly, all of CZ and Al2O3 were assumed to be
washcoated in the pores of the cordierite substrate. In
accordance with experimental data the porosity and average
particle size of cordierite substrate in the initial model were
0.5 and 1.0 µm, respectively.

Fig. 9a shows snapshots of CZ particles sintering without
cordierite-CZ interaction at 1073 K. The CZ sintering
proceeds easily without cordierite-CZ interaction; however
the sintering process is considerably suppressed by the
presence of the interaction as shown in Fig. 9b. When the
temperature is increased to 1273 K, sintering of CZ proceeds
much more quickly than at 1073K as shown in Fig. 10a. Even
under such a severe condition, as shown in Fig. 10b, the
strong interaction of CZ with cordierite surface significantly
suppresses the sintering of CZ in cordierite pore. This can
also be seen in the results of surface area of CZ at different
temperatures shown in Fig. 11. The presence of cordierite-CZ
interaction therefore considerably hinders sintering of CZ.

Figure 9. Snapshots of sintering simulation of CZ at 1073 K without, (a), and with, (b), strong interaction of CZ with cordierite.

Figure 10. Snapshots of sintering simulation of CZ at 1273 K without, (a), and with, (b), strong interaction of CZ with
cordierite.



Similar results are also seen for Al2O3 (Fig. 12 and Fig. 13),
although sintering here takes place at higher temperatures. As
shown in Fig. 12a, sintering of Al2O3 proceeds easily at 1473
K when Al2O3 particle is not strongly bonded to the
cordierite substrate. On the other hand, when Al2O3 is
strongly bonded as shown in Fig. 12b, sintering is

significantly retarded. This can also be seen in the change of
specific surface area of Al2O3 shown in Fig. 13. The decrease
in the specific surface area of Al2O3 is greatly suppressed by
the presence of strong Al2O3-cordierite interaction at any
temperature examined.

Figure 11. Results of specific surface area change of CZ at various temperatures calculated by SINTA without, (a), and with,
(b), strong interaction of CZ with cordierite

Figure 12. Snapshots of sintering simulation of Al2O3 at 1473 K without, (a), and with, (b), strong interaction of Al2O3 with
cordierite



applications by using the multi-scale, multi-physics
simulators based on the UA-QCMD method.
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SUMMARY/CONCLUSIONS
In the present study we have tried to reveal roles of cordierite
as a substrate material in automotive catalysts by the
application of quantum chemical molecular dynamics
technique which takes into consideration both electronic and
dynamic effects simultaneously. The results clearly indicate
that cordierite has excellent characteristics at various
temperatures. It was also shown that cordierite-support
interaction was effective in preventing sintering of both CZ
and Al2O3 supports, further demonstrating the efficacy of
cordierite. Since the importance of cordierite-CZ or Al2O3
interaction in preventing sintering of CZ or Al2O3 did not
change significantly with the porosity, the conclusion of the
present study is applicable to cordierites with a variety of
porosities for a variety of applications such as the substrate of
diesel after treatment components and catalytic converters.
Further detailed calculations can be done for both

Figure 13. Results of specific surface area change of Al2O3 at various temperatures calculated by SINTA without, (a), and with,
(b), strong interaction of Al2O3 with cordierite.
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