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Abstract

Recently, we introduced a concept of combinatorial chemistry to computational chemistry and proposed a new method called “combinatorial
computational chemistry”, which enables us to perform a theoretical high-throughput screening of catalysts. In the present paper, we reviewed
our recent application of our combinatorial computational chemistry approach to the design of new catalysts for high-quality transportation
fuels. By using our combinatorial computational chemistry techniques, we succeeded to predict new catalysts for methanol synthesis and
Fischer–Tropsch synthesis. Moreover, we have succeeded in the development of chemical reaction dynamics simulator based on our original
tight-binding quantum chemical molecular dynamics method. This program realizes more than 5000 times acceleration compared to the
regular first-principles molecular dynamics method. Electronic- and atomic-level information on the catalytic reaction dynamics at reaction
temperatures significantly contributes the catalyst design and development. Hence, we also summarized our recent applications of the above
quantum chemical molecular dynamics method to the clarification of the methanol synthesis dynamics in this review.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Recently, the technologies for the production of
high-quality transportation fuels from non-petroleum hy-
drocarbon resources have attracted considerable attention
by scientists and chemical companies, according to the
recent environmental demands and decrease in the fos-
sil energy reserves. The development of highly active
and highly selective catalysts for methanol synthesis and
Fischer–Tropsch synthesis is strongly demanded in order to
advance the industry of the high-quality transportation fuels.
Although huge amounts of knowledge on the catalysts for
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the methanol synthesis and Fischer–Tropsch synthesis have
been accumulated, the development of more active and more
selective catalysts is strongly demanded. It is well noticed
that atomistic information on the catalytic reaction mecha-
nism and catalytic activity is essential for further advance
and development of those catalysts. Especially, computa-
tional chemistry approach is expected to play an important
role to clarify the mechanism of catalytic reactions and to
design new catalysts on electronic and atomic levels.

The impacts of computational chemistry on the cata-
lyst research and development are rapidly increased. Es-
pecially, the recent advance of first-principles calculation
method is significant and it can calculate the formation
energy of molecules and solids with high accuracy. Hence,
computational chemistry is expected to work as a highly
efficient design tool of catalysts. However, the present
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computational chemistry is mainly employed to clarify the
atomistic mechanism of the well-known catalytic reactions
and to obtain the electronic information on the catalysts
of which property and reactivity are well known experi-
mentally. For example, recently there are a lot of precise
calculations for the Cu/ZnO methanol synthesis catalysts to
clarify the chemical reaction mechanism of methanol syn-
thesis processes[1–9]. However, there are very few theoret-
ical calculations for the search and design of new catalysts
over the Cu/ZnO catalysts for the methanol synthesis. We
strongly insisted that such traditional computational chem-
istry cannot contribute to the design and development of new
catalysts.

Hence, recently we paid attention to “combinatorial
chemistry” technique, which has been developed as an ex-
perimental high-throughput screening method. It enables
us to synthesize hundreds of samples all at once and ex-
amine their properties. Originally, combinatorial chemistry
has been developed mainly in the synthesis of organic
compounds and recently introduced into inorganic[10–14]
and catalyst[15–17] fields. We noticed that combinatorial
chemistry approach could be combined with computational
chemistry and it would be a powerful tool to perform a
theoretical high-throughput screening. Therefore, more re-
cently we introduced a concept of combinatorial chemistry
to computational chemistry and proposed a new method
“combinatorial computational chemistry”[18–22]. In this
concept, computational chemistry is employed to perform
a high-throughput screening of the catalysts including ac-
tive metals, supports, and additives. We also succeeded
to develop new computer cluster system and software to
realize our combinatorial computational chemistry by us-
ing grid-computing technology. The activity, selectivity,
and functionality of a lot of catalysts are calculated sys-
tematically, and the best catalyst can be efficiently and
speedily proposed by using our new method. This new
methodology is expected to predict completely new cata-
lysts with high activity, high selectivity, and high resistance
to poisons, theoretically. Moreover, our approach can pro-
pose new guidance to predict highly active and highly
selective catalysts. We have already applied our combina-
torial computational chemistry approach to the design of
the zeolite catalysts for the deNOx reaction and proposed
that IrZSM-5 has the highest tolerance to water poison-
ing [18–20]. After our proposal, the validity of IrZSM-5
was confirmed experimentally. Moreover, we confirmed
the effectiveness and applicability of our combinatorial
computational chemistry not only for catalysts but also
for electronics materials, batteries, ceramics and so on
[21,22].

We have also applied our combinatorial computational
chemistry approach to the design and high-throughput
screening of catalysts for ecological high-quality trans-
portation fuels and succeeded to predict new catalysts
for methanol synthesis and Fischer–Tropsch synthesis
[23–28]. Hence, in the present paper we reviewed our recent

application of combinatorial computational chemistry tech-
niques to the high-throughput screening of new catalysts
for methanol synthesis and Fischer–Tropsch synthesis and
introduced our success of new catalysts design.

On the other hand, electronic- and atomic-level infor-
mation on the catalytic reaction dynamics at reaction tem-
peratures significantly contributes the catalyst design and
development. However, the first-principles method can only
calculate the static electronic states at 0.0 K, and hence it
cannot elucidate the catalytic reaction dynamics at reaction
temperatures. Therefore, we have recently succeeded in
the development of a chemical reaction dynamics simula-
tor based on our original tight-binding quantum chemical
molecular dynamics method[29–36]. This program realizes
more than 5000 times acceleration compared to the regu-
lar first-principles molecular dynamics method. It means
that our new program is very effective for the investiga-
tions of the catalytic reaction dynamics on huge catalyst
models including active metals, supports, and additives,
compared to the regular first-principles molecular dynamics
simulations. We have already applied it to various catalyst
systems including Cu/ZnO methanol synthesis catalysts and
have succeeded to clarify the atomistic catalytic reaction
dynamics at reaction temperatures. Hence, in this review
we also introduced and summarized our recent applica-
tions of the chemical reaction dynamics simulator based on
our tight-binding quantum chemical molecular dynamics
method to the clarification of the methanol synthesis reaction
dynamics.

2. Methods

2.1. Combinatorial computational chemistry based on
first-principles calculation

Combinatorial computational chemistry based on the den-
sity functional theory (DFT) calculations[37,38] is per-
formed by using DMol[39,40] program inSection 3and
ADF [41–44] program inSections 4 and 5. In the DMol
program, linear combination of numerical atomic orbitals
is used in the Kohn–Sham formulation. The structure op-
timization and energy calculations are carried out by lo-
cal density approximation (LDA) with Vosko–Wilk–Nusair
(VWN) functional [45]. Double numerical basis sets with
polarization functions (DNP) are employed. In the ADF
program, linear combination of Slater-type atomic orbitals
is used. The structure optimization is carried out by local
density approximation with VWN functional[45] and the
energy of the optimized structure is calculated by general-
ized gradient approximation (GGA) with Becke 88[46] and
Perdew-Wang 91 functionals[47]. Triple-� basis sets with
polarization functions (TZP) are employed. The computer
graphics pictures of catalyst models and calculation results
are produced by the Cerius2 program developed by MSI
Inc.
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2.2. Development of new software for combinatorial
computational chemistry

We employed grid-computing technology to use many
computers efficiently for the high-throughput screening
of catalysts. Our computer cluster system is composed of
one main computer and other many Linux computers. The
main computer arranges all the jobs for the high-throughput
screening and throws a job to each Linux computer. In
order to perform the high-throughput screening efficiently,
the main computer checks the CPU state of all the Linux
computers and automatically throws new job just after the
finish of the job in the Linux computer. Moreover, the main
computer has another important role. It automatically col-
lects all the calculation results from the Linux computers
and analyzes the results.

Moreover, we developed new software to perform com-
binatorial computational chemistry in the above computer
cluster system. The new software realizes automatic mod-
eling of a large number of catalysts by the continuous
replacement of elements in the catalyst model by using
main computer. Moreover, it automatically performs the
first-principles calculations of the large number of catalyst
models by using many Linux computers and grid-computing
technology. It also automatically transfers all the calcula-
tion results from the Linux computers to the main com-
puter and realizes the automatic analysis of the optimized
structure, bond distance, electronic states, electron transfer,
bond population, and so on in the main computer. These
new software and computer cluster system for combinato-
rial computational chemistry are very useful to perform a
theoretical high-throughput screening of a large number of
catalysts and to propose a new high performance catalyst
among a large number of candidates.

2.3. Original tight-binding quantum chemical molecular
dynamics simulator

Chemical reaction dynamics simulator “Colors” was de-
veloped on the basis of our original tight-binding quantum
chemical molecular dynamics method. The equations to be
solved in this simulator are shown inEqs. (1) and (2)

HC = SCε (1)

CTSC= I (2)

whereH is the Hamiltonian matrix,S the overlap matrix,
C the eigenvector matrix,ε the eigenvalue matrix, andCT

is the transformation matrix ofC. The total energy in the
system is calculated employingEqs. (3) and (4)
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In these formulas,mi is the atomic weight,vi the atomic ve-
locity, e the elementary electric charge,Rij the interatomic
distance, andf0 (=6.9511× 10−11 N) is constant for unit
adaptations. The parametersaij and bij are related to the
size and stiffness of two atoms, respectively.Zi is the atomic
charge obtained by the tight-binding electronic states cal-
culation. Here, Mulliken analysis is employed to evaluate
the above atomic charge. The first term refers to the kinetic
energy of the atoms, the second term is the summation of
the eigenvalues of all the occupied orbitals calculated by
the tight-binding electronic states calculation, and the third
term represents the Coulomb interaction. The last term cor-
responds to the short-range exchange repulsion energy.

Many tight-binding approximations were already pro-
posed and applied to various systems. However, the previous
tight-binding approximations can calculate only the covalent
systems such as silicon and diamond semiconductors, since
the long-range Coulomb interaction is neglected[48–51].
On the other hand, our new tight-binding theory considers
the long-range Coulomb interactions by the introduction of
the third term inEq. (3). This extension is revolutionary,
since it enables us to apply the tight-binding theory to almost
all materials including oxides, nitrides, sulfides, metals, and
others. Namely, our new theory solved the main problem
of the previous tight-binding theory, which is its limited
applicability to only the covalent systems. This is a main
characteristic of new tight-binding theory developed by us.

The validity of our new tight-binding theory was evalu-
ated by comparing with the density functional theory cal-
culations. We calculated a lot of small cluster models, such
as Si(OH)4, Si2O7H6, Si(OCH3)4, H2O, H2O2, and so on
by our new tight-binding quantum chemical molecular dy-
namics method, and quantitatively same atomic charges,
energies, and bond distances with density functional the-
ory calculation results were obtained[30,32,33]. Hence,
we confirmed the high accuracy and high validity of our
new tight-binding quantum chemical molecular dynamics
method.

The computer graphics pictures of catalyst models and
calculation results are produced by RYUGA program devel-
oped in our laboratory[52].

3. Design of new methanol synthesis catalysts[23,24]

3.1. Introduction

Industrially, methanol is synthesized from a mix-
ture of CO and H2 at temperature of 500–550 K over
Cu/ZnO/Al2O3 catalyst and it has been experimentally
pointed out that Cu+ cation is an active site for the
methanol synthesis[53,54]. The formation mechanism of
the methanol from CO and H2 has not been well established
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by experiments. However, some mechanisms are strongly
supported by experimental data. Here, we introduce two
different mechanisms of the methanol synthesis process.

• Mechanism (a)

M + CO → MCO (5)

MCO + H2 → MCHOH (6)

MCHOH + 1
2H2 → MCH2OH (7)

MCH2OH + 1
2H2 → MCH3OH (8)

MCH3OH → M + CH3OH (9)

• Mechanism (b)

MOH + CO → MOCOH (10)

MOCOH+ 2H2 → MOCH3 + H2O (11)

MOCH3 + H2O → MOH + CH3OH (12)

Mechanism (b) was supported by the experiments of Ueno
et al.[55]. When they heated the methanol on the ZnO cata-
lysts, the CH3O and HCOO species were detected by the IR
measurements. Since the CH3O and HCOO species are not
produced in the reaction mechanism (a), they suggested that
the mechanism (b) is a reliable route for the methanol syn-
thesis process. However, some problems have been pointed
out for the mechanism (b). The excess number of oxygen
atoms is essential for the synthesis of M–OCOH species,
which only can be supplemented from ZnO or Al2O3 sup-
ports. However, when the CO18 gas was introduced to the
catalysts, the formation of only CH3O18H was detected and
the formation of CH3O16H was not observed[56]. It indi-
cates that the excess oxygen is not supplemented from the
ZnO or Al2O3 supports, which is against the mechanism (b).
Other experiments also support the reaction mechanism (a)
[57].

Hence, we employed both reaction mechanisms (a) and
(b), and performed combinatorial computational chem-
istry based on the first-principles calculations to design
new highly active catalysts for methanol synthesis[23,24].
Here, we summarized our recent results for the methanol
synthesis reactions following the reaction mechanisms
(a) and (b) in Sections 3.2 and 3.3, respectively. Sev-
eral active sites were proposed and calculated for the
methanol synthesis reactions on the Cu/ZnO catalysts. For
example, French et al. calculated the methanol synthe-
sis mechanism on ZnO(0001̄) surface by hybrid QM/MM
method [7] and Martins et al. also employed ZnO sur-
face as an active site[6]. However, Hu and Nakatsuji[1]
and Morikawa et al.[2,3] mentioned that Cu/Zn site is
most favorable for the methanol synthesis. Gomes and
Gomes[4], Hu and Boyd[5], Kakumoto [8] and Kaku-
moto and Watanabe[9] employed Cu atom or cation as
an active site for the methanol synthesis. On the other

Fig. 1. Energy profile of the methanol synthesis process on Cu+ catalyst,
following the reaction mechanism (a)[23].

hand, experimentally Sugawa et al. investigated the ac-
tivity of many metal/ZnO catalysts and found that the
metal species strongly affect the catalytic activity for the
methanol synthesis[58]. Hence in the present study we
focused on the effect of the metal species on the methanol
synthesis activity and the metal atom or metal cation is
employed as an active site. Previously, Kakumoto[8] and
Kakumoto and Watanabe[9] calculated the formation
process of CH3OH from CO2 and H2 on Cu and Cu+
catalysts by using ab initio method. They employed only
one metal atom or metal cation to represent the methanol
synthesis catalysts. Hence, in the present study we fol-
lowed their models and then the methanol synthesis cat-
alysts are represented by one metal atom or one metal
cation.

3.2. Design of new methanol synthesis catalysts based on
mechanism (a)[23]

3.2.1. Energy profile of the intermediates for methanol
synthesis process on Cu+ cation

It has been already pointed out by many experiments that
Cu+ cation is an active site in the industrial Cu/ZnO/Al2O3
catalysts for the methanol synthesis[53,54]. Hence, first we
employed the reaction mechanism (a) of the methanol syn-
thesis process and investigated the formation energy of each
intermediate on Cu+ cation during the methanol synthesis
process by using the first-principles calculations (Fig. 1). The
formation of Cu+–CH3OH from Cu+ + CO+ H2 through
Cu+–CO, Cu+–CHOH, and Cu+–CH2OH takes place eas-
ily, since the energy curve is always decreased from Cu+ +
CO + H2 to Cu+–CH3OH. This result indicates that Cu+
cation is a favorable catalyst for the methanol synthesis,
which is in good agreement with the previous experimental
results[53,54].
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Fig. 2. Energy profile of the methanol synthesis process on various metal
catalysts, following the reaction mechanism (a) (reprinted from Ref.[23]
with permission from Elsevier).

3.2.2. High-throughput screening of metal catalysts for
methanol synthesis

We investigated the structures and energies of the inter-
mediates during the methanol synthesis process on a lot of
metal catalysts (Cu, Ru, Rh, Pd, Ag, Re, Os, Pt, and Au),
following the reaction mechanism (a). Here, we selected 4d
and 5d metals which have more than four electrons in their
d orbitals since those metals have high activity in many cat-
alytic reactions.Fig. 2 shows the energy profiles of various
intermediates during the methanol synthesis process on the
above catalysts. Center line inFig. 2 shows the formation
energy of methanol in the vapor phase from CO and H2
(−262.84 kJ/mol). It indicates that this reaction is exother-
mic, which means that methanol synthesis reaction is ener-
getically favorable.

This figure shows that the adsorption of CO molecule is
exothermic on all the metal catalysts, which means that the
adsorption of CO molecule is energetically favorable on all
the metal catalysts. M–CHOH intermediate is unstable than
M–CO intermediate on all metal catalysts except Cu cata-
lyst. It indicates that the M–CHOH formation from M–CO
is favorable only on the Cu catalyst. When we see the for-
mation energy of M–CH3OH intermediate, we noticed that
these metal catalysts are divided into two groups. First group
includes Cu, Pd, Ag, Pt, and Au has low formation en-
ergy of M–CH3OH compared to the second group which in-
cludes Ru, Rh, Re, and Os. It indicates that the desorption of
CH3OH does not take place easily on the second group cat-
alysts. Hence, Cu, Pd, Ag, Pt, and Au catalysts were found
to be favorable for the easy desorption of CH3OH from the
catalysts.

However, compared to the energy profile on Cu+ catalyst
in Fig. 1, no favorable catalyst for the methanol synthesis
was found from the energy profile on all the metal catalysts

Fig. 3. Energy profile of the methanol synthesis process on various cationic
metal catalysts, following the reaction mechanism (a) (reprinted from Ref.
[23] with permission from Elsevier).

in Fig. 2. Only Cu catalyst gives the decrement energy from
M–CO intermediate to M–CH2OH intermediate, however it
shows the increment energy from M–CH2OH intermediate
to M–CH3OH intermediate on Cu catalyst. This energy pro-
file on Cu catalyst is not favorable compared to Cu+ catalyst
in Fig. 1.

3.2.3. High-throughput screening of cationic metal
catalysts for methanol synthesis

We cannot find good metal catalysts, which are more ac-
tive than Cu+ catalyst inSection 3.2.2. Hence, we also in-
vestigated the activities of the cationic metal catalysts, such
as Cu+, Ru+, Rh+, Pd+, Ag+, Re+, Os+, Pt+, and Au+, fol-
lowing the reaction mechanism (a).Fig. 3shows the energy
profiles of the intermediates during the methanol synthesis
process on various cationic metal catalysts. This figure in-
dicates that the formation of M–CH3OH intermediate from
M + CO+ H2 through M–CO, M–CHOH, and MCH2OH
takes place easily on all the cationic metal catalysts ex-
cept Pt+ and Pd+, since their energy curves are always de-
creased. These results suggest that Au+, Ag+, Cu+, Ru+,
Rh+, Os+, and Re+ catalysts are favorable for the forma-
tion of M–CH3OH intermediate from M+ CO+ H2. These
energy profiles are completely different form those on the
metal catalysts inFig. 2.

The formation energies of the M–CH3OH are divided
into two groups. The first group includes Cu+, Pd+, Ag+,
Pt+, and Au+ has small formation energy of M–CH3OH,
while the second group includes Ru+, Rh+, Re+, and Os+
has large formation energy. It indicates that the desorp-
tion of CH3OH is very difficult on the second group cata-
lysts. Hence, Cu+, Pd+, Ag+, Pt+, and Au+ catalysts were
found to be favorable for the desorption of CH3OH, al-
though the Pd+ and Pt+ catalysts are not favorable catalysts
for the formation of M–CH3OH from M–CH2OH, which is
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described before. Especially, the smaller formation energy
of M–CH3OH on the Ag+ and Au+ catalysts than the Cu+
catalyst is noteworthy. Finally, we concluded that the Ag+
and Au+ catalysts are effective candidates for the methanol
synthesis over the Cu+ catalyst. Experimentally, Sugawa
et al. found that Ag catalyst is active for the methanol syn-
thesis from CO and H2 [58], and Sakurai and Haruta shown
that Au catalyst is also active for the same reaction[59].
These experimental results strongly support our combinato-
rial computational chemistry approach.

3.3. Design of new methanol synthesis catalysts based on
mechanism (b)[24]

3.3.1. High-throughput screening of cationic metal
catalysts for methanol synthesis

We also employed the reaction mechanism (b) of the
methanol synthesis process, and investigated the formation
energies of each intermediate on a lot of metal catalysts,
such as Co, Cu, Ru, Rh, Pd, Ag, Re, Os, Ir, Pt, and Au, by
using first-principles calculations. Following the reaction
mechanism (b), we constructed the metal catalysts mod-
els such as CoOH, CuOH, RuOH, RhOH, PdOH, AgOH,
ReOH, OsOH, IrOH, PtOH, and AuOH. Before the inves-
tigations on those catalysts, we investigated the catalytic
activity of the cationic metal catalysts such as (CoOH)+,
(CuOH)+, (RuOH)+, (RhOH)+, (PdOH)+, (AgOH)+,
(ReOH)+, (OsOH)+, (IrOH)+, (PtOH)+, and (AuOH)+,
since cationic metal catalysts were found to be very active
in Section 3.2.

Fig. 4 shows the energy profiles of various intermediates
during the methanol synthesis process on cationic metal cat-
alysts, following the reaction mechanism (b). Here, the cen-
ter line also means the formation energy of methanol in the
vapor phase from CO and H2 (−262.84 kJ/mol). This fig-
ure indicates that the formation of M–OCOH intermediates
from M–OH + CO takes place easily on all the cationic

Fig. 4. Energy profile of the methanol synthesis process on various cationic
metal catalysts, following the reaction mechanism (b)[24].

Fig. 5. Energy profile of the methanol synthesis process on various metal
catalysts, following the reaction mechanism (b)[24].

metal catalysts, since the formation energies are decreased.
However, it shows that the formation of M–OCH3 interme-
diates from M–OCOH intermediates is significantly difficult
on all the cationic metal catalysts since the formation ener-
gies are increased. These results indicate that all the cationic
metal catalysts (MOH)+ are not favorable for the formation
of CH3OH from CO and H2, when we consider the reaction
mechanism (b).

3.3.2. High-throughput screening of metal catalysts for
methanol synthesis

We investigated the structures and energies of the inter-
mediates during the methanol synthesis process on a lot of
metal catalysts such as CoOH, CuOH, RuOH, RhOH, PdOH,
AgOH, ReOH, OsOH, IrOH, PtOH, and AuOH, following
the reaction mechanism (b).Fig. 5 shows the energy pro-
files of various intermediates during the methanol synthe-
sis process on the above catalysts. This figure indicates that
the formation of M–OCOH intermediate from M–OH+CO
takes place easily on all the metal catalysts, since the forma-
tion energies are decreased. Furthermore, the formation of
M–OCH3 intermediate from M–OCOH intermediate takes
place easily on all the metal catalysts, since the formation en-
ergies are decreased. These results indicate that all the metal
catalysts MOH are favorable for the formation of M–OCH3
intermediate from M–OCOH intermediate, when we con-
sider the reaction mechanism (b). These energy profiles are
completely different from those on the cationic metal cata-
lysts shown inFig. 4.

In order to design most favorable metal catalysts for the
methanol synthesis reaction, we investigated the atomic
bond population in M–OCOH intermediates (Fig. 6(a)).
M–C atomic bond population of M–OCOH intermediates
on various metal catalysts is shown inTable 1. The M–C
atomic bond population on the Co, Cu, Pd, Ag, Ir, Pt, and
Au catalysts is zero. These electronic states are favorable
than that on the other catalysts because the M–C bond
should be broken at the next step of the methanol synthesis
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Fig. 6. Schematic structures of (a) M–OCOH and (b) M–OCH3 interme-
diates (reprinted from Ref.[24] with permission from SPIE).

process. Moreover, we analyzed the M–O atomic bond
population in M–OCH3 intermediates (Fig. 6(b)). Table 1
also shows the M–O atomic bond population of M–OCH3
intermediates on various metal catalysts. The M–O atomic
bond population of M–OCH3 intermediates on Cu, Pd,
Ag, Ir, Pt, and Au catalysts is smaller than the other cata-
lysts. These electronic features of M–OCH3 intermediates
on these metal catalysts progress the methanol synthesis
reaction easily because the M–O bond should be broken
and a new bond should be created at the next step of the
methanol synthesis process. Hence, we concluded that the
Cu, Pd, Ag, Ir, Pt and Au catalysts are effective candidates
as methanol synthesis catalysts. Experimentally, Au, Ag,
and Pd catalysts were found to be active for the methanol
synthesis reaction[58–60], in addition to the Cu catalysts.
These experimental results strongly support our combina-
torial computational chemistry approach and we expected
that the validity of other candidates would be confirmed
experimentally in the near future.

In order to analyze the electronic states of the active
catalysts, we investigated the charges on the metals in the
M–OH and (M–OH)+ states (Table 2). This table shows
that the atomic charge on Cu atom in the CuOH is 0.40.
It indicates that the cationic state of Cu has high activity,
which is in agreement with the previous experimental re-

Table 1
M–C atomic bond population of M–OCOH intermediate and M–O atomic
bond population of M–OCOH3 intermediate (reprinted from Ref.[24]
with permission from SPIE)

Metal (M) M–C in M–OCOH M–O in M–OCH3

Co 0.00 1.10
Cu 0.00 0.97
Ru 0.15 1.01
Rh 0.17 0.99
Pd 0.00 0.78
Ag 0.00 0.81
Re 0.18 1.00
Os 0.14 1.02
Ir 0.00 0.97
Pt 0.00 0.75
Au 0.00 0.80

Table 2
Atomic charges on the metals in MOH and (MOH)+ species (M= metal)
(reprinted from Ref.[24] with permission from SPIE)

Metal (M) MOH (MOH)+

Co 0.32 1.06
Cu 0.40 0.95
Ru 0.38 1.16
Rh 0.34 1.04
Pd 0.38 0.96
Ag 0.48 0.95
Re 0.36 1.19
Os 0.35 1.15
Ir 0.33 1.05
Pt 0.37 0.97
Au 0.47 0.95

sults [53,54]. However, our calculation results show that
the excessive cationic state of Cu is not favorable for the
methanol synthesis reaction. Our calculation results show
that (CuOH)+ is not highly active in which Cu atom has
0.95 charge. The charges on the Pd, Ag, Ir, Pt and Au atoms
in M–OH states are 0.33–0.48. We found that these slightly
cationic states are favorable for the methanol synthesis re-
action than full cationic states. The charges on the Pd, Ag,
Ir, Pt and Au atoms in the (M–OH)+ states are 0.95–1.05
and these excess cationic states are not favorable for the
methanol synthesis. This proposed guidance of the favor-
able electronic states for the methanol synthesis catalysts
may be very helpful for experimental researchers to design
new methanol synthesis catalysts.

4. Design of new Fischer–Tropsch catalysts[25–27]

4.1. Introduction

The interest in the Fischer–Tropsch (FT) synthesis, which
is the conversion of a mixture of H2 and CO to aliphatic
hydrocarbons, has shown a large growth in the recent years
[61]. The hydrocarbon synthesis is catalyzed by metal
catalysts, such as Co, Fe, Ni, and Ru. Both Fe and Co
are most commonly used in the industrial processes[62].
However, the use of FT catalysts is accompanied by their
deactivation with several poisons such as sulfur-containing
compounds. Moreover, the FT conversion is a polymer-
ization reaction involving several intermediates and the
control of product selectivity is also important topic. There-
fore, the development of new catalysts with high activity,
high selectivity, and high tolerance to poisons is strongly
required for the new FT synthesis process. Hence, we
have applied our combinatorial computational chemistry
approach based on the first-principles calculations to the
design of new Fe-based FT synthesis catalysts with high ac-
tivity and high tolerance to sulfur[25–27]. In this review, we
summarize our recent success in the design of new FT cat-
alysts by using our combinatorial computational chemistry
approach.
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Table 3
Adsorption energies (Eads), C–O distances (RC–O), and charges (qCO) of
CO molecule adsorbed on various Fe5M clusters (M= Fe, Si, Mn, Ge,
Zr, and Mo) (reprinted from Ref.[25] with permission from SPIE)

System Eads (kJ/mol) RC–O (nm) qCO

Fe6 −128.07 0.1152 −0.053
Fe5Si −95.44 0.1150 −0.040
Fe5Mn −138.91 0.1154 −0.067
Fe5Ge −97.49 0.1149 −0.040
Fe5Zr −133.85 0.1153 −0.053
Fe5Mo −154.43 0.1158 −0.064

4.2. CO adsorption on Fe/M catalysts (M = Fe, Si, Mn,
Ge, Zr, and Mo)

In order to design effective additives for the Fe-based FT
catalysts, we applied our combinatorial computational chem-
istry approach to the CO adsorption on Fe clusters. Fe(100)
surface is imitated by an octahedral Fe6 cluster which con-
tains one atom in the first layer, four in the second layer,
and one in the third layer. The effect of the additives on the
molecular/cluster interaction is investigated using the Fe5M
(M = Fe, Si, Mn, Ge, Zr, and Mo) cluster model. In this
model, one Fe atom from the second layer was substituted
by the selected element. The interaction of substituted met-
als with sulfur would be much more stronger than that of
Fe to protect the active sites of Fe catalysts against sulfur
poisoning. Therefore, the elements such as Si, Ge, Zr, Mn,
and Mo, which have a stronger interaction with S than that
of Fe, were selected for this purpose[63].

The adsorption energies (Eads), C–O distances, and
charges of CO molecule adsorbed on the Fe5M clusters are
shown in Table 3. The negative charge on CO molecule,
which is transferred from the metal atoms, indicates the ac-
tivation of CO molecule by the metal cluster, since the low-
est unoccupied orbital of CO molecule is anti-bonding. The
C–O bond is significantly elongated compared to the C–O
distance of 0.1128 nm in the vapor phase. The molecular
orbital analysis shows that the�-back-donation mechanism
of metal–CO bonding is responsible for the above electron
transfer. Moreover, it was found that the Mn and Mo addi-
tives in the Fe cluster activate significantly CO molecule,
since the C–O distance is elongated and the electron transfer
is increased considerably on the Fe5Mn and Fe5Mo clusters,
compared to those on the Fe6 cluster. These electronic states
changes by the incorporation of the Mn or Mo additive also
lead to the increase in the adsorption energy of CO.

4.3. Design of new Fischer–Tropsch catalysts with
high-tolerance to sulfur

In order to design new Fe-based FT catalysts with
high-tolerance to sulfur, the difference in the adsorption
energies of the CO and H2S molecules on various Fe5M
(M = Fe, Si, Mn, Ge, Zr, and Mo) clusters were calculated
(Fig. 7). Here, the negative value indicates that CO molecule

Fig. 7. Difference in the adsorption energies of CO and H2S molecules
on various Fe5M clusters (M= Fe, Si, Mn, Ge, Zr and Mo) (reprinted
from Ref. [25] with permission from SPIE).

is more strongly adsorbed on the metal cluster compared
to H2S molecule. Hence, the larger negative value, which
means high-tolerance to H2S poisoning, is favorable for
FT catalysts. From this figure, Mn, Mo, and Zr additives
were found to exhibit a high resistance to H2S poisoning.
As mentioned before, we predicted that Mn and Mo are
effective to activate CO, which leads to high activity. Based
on these results, we concluded that Mn and Mo are very
effective additives in the Fe-based FT catalysts. Recently,
Yamada and coworkers experimentally observed that the
CO conversion does not decrease on the Fe/Mn catalyst
in the presence of H2S in syngas flow during a long time
period[64]. This result strongly supports our prediction for
the Fe/Mn system.

4.4. Catalytic reaction mechanism of CH2 formation on Fe
catalyst

FT synthesis is a multi-step reaction including reactant
adsorption, chain initiation, chain growth, chain termina-
tion, product desorption, readsorption, and further reaction
[62]. The formation of linear hydrocarbons involves a step-
wise polymerization of CH2 [65]. Hence, the formation of
CH2 is one of the important steps in the FT synthesis. Re-
garding the FT chain initiation, two different mechanisms
were experimentally proposed. In the first pathway called
carbide mechanism, CH2 is formed by the breaking of the
C–O bond and the following carbon hydrogenation. In the
second pathway called hydroxy intermediate mechanism, H
atom is adding first to adsorbed CO molecule and the for-
mation of CHO, CHOH, and CH2OH intermediates takes
place. Experimentally, it is not clear which mechanism is
feasible and realistic, yet.

Hence, we calculated the formation energies of various
intermediates on the Fe6 cluster, following two different
mechanisms by using the first-principles calculations. The
results are shown inFig. 8. In the carbide mechanism, all
the steps to the formation of CH2 + OH except CO disso-
ciation is exothermic. On the other hand, in the hydroxy in-
termediate mechanism, the first two steps, CHO formation
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Fig. 8. Energy profile of CH2 formation on Fe catalyst following the carbide mechanism and hydroxy intermediate mechanism (reprinted from Ref.[25]
with permission from SPIE).

and CHOH formation, are significantly large endothermic
reactions. These results indicate that the carbide mechanism
is probable compared to the hydroxy intermediate mecha-
nism, which is in agreement with many experiments[61,62].
Moreover, the chain initiation reaction was found to be sig-
nificantly exothermic reaction, which also agrees well with
the previous experiments[65].

4.5. Design of new Fischer–Tropsch catalysts with high
activity

In order to design new FT catalysts with high activity,
the reaction pathway of the chain initiation on various Fe/M
catalysts (M= Si, Cr, Mn, Ge, Zr, and Mo) were investi-
gated, following the carbide mechanism (Fig. 9). The en-
ergy profiles are significantly changed by the incorporation

Fig. 9. Energy profile of CH2 formation on various Fe5M clusters (M= Fe, Si, Cr, Mn, Ge, Zr and Mo), following the carbide mechanism (reprinted
from Ref. [25] with permission from SPIE).

of metal additives, especially for the Fe5Mo and Fe5Zr clus-
ters. The CO dissociation on the Fe5Mo and Fe5Zr clusters
was found to be exothermic step, which is different from
that on the Fe6 cluster. Moreover, all the steps to the for-
mation of CH2 + OH is exothermic on those catalysts. The
formation process of CH2 + H2O from CH2 + OH on both
the Fe5Mo and Fe5Zr clusters is endothermic, and however
the energy difference of CH2 + H2O and CH2 + OH is very
little on the Fe5Mo cluster. Hence, these results suggest that
the Fe5Mo cluster is the most favorable catalyst for the CH2
formation from CO and H2.

As mentioned inSection 4.2Fe5Mo catalyst strongly ac-
tivates CO molecule compared to that on other Fe/M cata-
lysts, and as mentioned inSection 4.3Fe5Mo catalyst has
high tolerance to sulfur. Hence, finally we concluded that
the Mo is the most effective additive for the Fe-based FT
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catalyst to realize the high activity and high-tolerance to
sulfur.

5. Design of new metal sulfide catalysts for the
synthesis of high-quality transportation fuels[28]

5.1. Introduction

Recently, Koizumi et al. reported that a lot of metal sul-
fide catalysts have high activity for the CO hydrogenation
process[66] and especially Rh sulfide has the highest activ-
ity and predominantly produces methanol[67]. Moreover,
they found that the Rh sulfide catalyst is not deactivated by
H2S, while regular Cu/ZnO/Al2O3 methanol synthesis cat-
alyst is easily deactivated by H2S [67]. Moreover, they also
reported that the products of the CO hydrogenation process
are strongly depending on the metal species of the metal
sulfide catalysts[68]. For example, Rh and Pd sulfides se-
lectively produce methanol in the CO hydrogenation, while
Re and Os sulfides predominantly produce hydrocarbons.

Hence, we applied our combinatorial computational
chemistry to the metal sulfide catalysts and investigated
the dependency of the metal species in the metal sulfide
catalysts to the CO hydrogenation process and their prod-
ucts [28]. Moreover, the best metal sulfide catalyst with
high selectivity for the methanol synthesis was successfully
designed.

5.2. Selectivity of the CO hydrogenation on metal and
metal sulfide catalysts

Our combinatorial computational chemistry approach was
applied to the CO adsorption on various metal sulfide cata-
lysts. We also calculated the CO adsorption on various metal
catalysts for the comparison. To model the metal and metal
sulfide catalysts, we employed diatomic molecules, M–M
and M–S (M= metal, S = sulfur), respectively. Although
it is better to employ the large catalyst model, we employed
the simplest models to perform high-throughput screening
for the present purpose. The elongation of the C–O dis-
tance may lead to the formation of hydrocarbons, while the
shrinkage of the C–O distance may lead to the formation
of methanol. Hence, we paid attention to the C–O distance
of CO molecule adsorbed on various metal and metal sul-
fide catalysts.Table 4shows the adsorption energy, charge,
and C–O distance of CO molecule adsorbed on various cat-
alysts. Here, the C–O distance of CO molecule in the vapor
phase is 0.1128 nm. We found that the C–O distance of CO
molecule adsorbed on all the metal and metal sulfide cata-
lysts is elongated, compared to the C–O distance in the va-
por phase. It indicates that CO molecule on all the catalysts
is activated by the adsorption. Moreover, the C–O distance
was found to be strongly depending on the metal species.
The C–O distance is shortened on the Co, Mo, Ru, Rh, and
Ir sulfide catalysts compared to that on their metal catalysts.

Table 4
Adsoprtion energy (Eads), charge, and C–O distance of CO molecule
adsorbed on various metal and metal sulfide catalysts (reprinted from Ref.
[28] with permission from American Chemical Society)

Model Eads (kJ/mol) CO charge C–O distance (nm)

Co–Co −192.54 −0.115 0.1155
Co–S −122.05 −0.064↓ 0.1148↓
Mo–Mo −111.48 −0.292 0.1172
Mo–S −171.93 −0.204↓ 0.1165↓
Ru–Ru −216.94 −0.366 0.1183
Ru–S −236.14 −0.122↓ 0.1157↓
Rh–Rh −253.55 −0.324 0.1176
Rh–S −216.97 −0.115↓ 0.1150↓
Ir–Ir −187.79 −0.675 0.1181
Ir–S −241.83 −0.396↓ 0.1158↓
Pd–Pd −314.23 −0.342 0.1172
Pd–S −205.77 0.189↓ 0.1178↑
Re–Re −101.73 −0.315 0.1158
Re–S −180.00 −0.322↑ 0.1168↑
Os–Os −172.36 −0.447 0.1161
Os–S −237.84 −0.390↓ 0.1164↑
An arrow gives comparison with that on metal catalyst.

It indicates that these metal sulfide catalysts selectively pro-
duce methanol, which is in agreement with the experimental
results by Koizumi et al.[66]. On the other hand, since the
C–O distance is elongated on Re and Os sulfide catalysts
compared to that on their metal catalysts, these metal sul-
fide catalysts are suggested to be very effective to produce
hydrocarbons selectively, which is also in good agreement
with the experimental results by Koizumi et al.[66].

5.3. Design of new metal sulfide catalysts for methanol
synthesis

Moreover, we clarified that the Pd sulfide catalysts have
the specific characteristics compared to the other metal sul-
fide catalysts. From the detailed analysis of the electronic
states of the Pd sulfide catalyst, we suggested that the Pd
sulfide has the highest selectivity of the methanol synthe-
sis among all the metal sulfide catalysts, which is in agree-
ment with the experimental result by Koizumi et al.[68].
CO molecule has the plus charge on the Pd sulfide cata-
lysts, while CO molecule has the minus charge on the other
metal and metal sulfide catalysts, as shown inTable 4. It
was suggested that this difference is due to the different ad-
sorption structure of CO molecule on the Pd sulfide and
the other metal sulfide catalysts as shown inFig. 10. CO
molecule adsorbs on the on-top site of the metal species
in the case of all the metal sulfide catalysts except the Pd
sulfide. Hence, electrons transfer from metal species to CO
molecule and then CO molecule gains minus charge on the
most metal sulfide catalysts. Similarly, CO molecule surely
adsorbs on the metal species in the case of all the metal cata-
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Fig. 10. Adsorption structures of CO molecule on the metal sulfide catalysts (reprinted from Ref.[28] with permission from American Chemical Society):
(a) except Pd sulfide catalyst and (b) Pd sulfide catalyst.

lysts, and then electrons transfer from metal to CO molecule
and the CO molecule gains minus charge. On the other
hand, CO molecule adsorbs on the bridge-site of the Pd
sulfide catalyst and contacts with both the Pd and sulfur
atoms of the Pd sulfide. Hence, electrons transfer from CO
molecule to the sulfur atom and the CO molecule gains plus
charge.

Fig. 11shows the molecular orbital of CO molecule. The
LUMO and second LUMO of CO molecule are anti-bonding
orbitals, and the electron has to be transferred to the above
two orbitals of CO molecule from catalysts in order to disso-
ciate CO molecule. However, CO molecule on the Pd sulfide
catalyst has plus charge and then a large number of electrons
have to be transferred to CO molecule from the catalysts af-
ter the adsorption in order to dissociate CO molecule. Hence,
the dissociation of CO molecule is much difficult on the Pd
sulfide catalyst compared to the other metal sulfide catalysts.
This is the reason why we suggested that the Pd sulfide cat-
alyst has the highest selectivity of the methanol. Moreover,
we proposed that the metal sulfide catalysts, which realize
the bridge-site adsorption of CO molecule on both the metal
and sulfur atoms, have the high selectivity of the methanol.
This proposed guidance to design the highly selective metal
sulfide catalysts for methanol synthesis may be useful for
the experimental researchers.

Fig. 11. Molecular orbitals of CO molecule (reprinted from Ref.[28]
with permission from American Chemical Society).

6. Tight-binding quantum chemical molecular
dynamics approach to methanol synthesis reaction
dynamics [29]

6.1. Introduction

In Sections 3–5, we reviewed our combinatorial computa-
tional chemistry approach based on the first-principles cal-
culations to the design of high-quality transportation fuels
and introduced the success of the prediction of new cata-
lysts. However, those calculations were applied to the static
electronic states of catalysts at 0.0 K. In addition to the in-
formation on the static electronic states, the atomistic un-
derstanding of the catalytic reaction dynamics at reaction
temperatures is very important for the catalysts research and
design. First-principles molecular dynamics calculation can
simulate the electronic states dynamics at reaction temper-
atures, however it requests huge computational costs and it
can be applied to very small systems. Hence, the catalytic
reaction dynamics on huge catalyst models including active
metals, supports, and additives cannot be simulated by the
first-principles molecular dynamics approaches.

Therefore, we have recently succeeded in the development
of new tight-binding quantum chemical molecular dynam-
ics software[29–36]. This software is based on our original
tight-binding theory and realizes more than 5000 times ac-
celeration compared to the regular first-principles molecular
dynamics method. It means that our new software is very ef-
fective for the investigations of the catalytic reaction dynam-
ics on huge catalyst models, compared to the first-principles
molecular dynamics method. A lot of tight-binding approx-
imations were already proposed by many researchers, and
however those methods can calculate only the covalent sys-
tems, such as silicon and diamond[48–51]. Our new theory
solved the above problem of the previous tight-binding the-
ory, and hence it can be applied to all the materials including
oxides, nitrides, sulfides, metals, and others. This is a main
characteristic of our new tight-binding theory. The details of
the theory is described inSection 2.3.

We have already applied the above software to various
catalyst systems and have succeeded to clarify the atomistic
catalytic reaction dynamics at reaction temperatures. Hence,
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Fig. 12. Dynamic behavior of ultrafine Cu16 particle on the ZnO support calculated by our tight-binding quantum chemical molecular dynamics simulator
(reprinted from Ref.[29] with permission from Elsevier).

here we summarized the recent applications of our new
tight-binding quantum chemical molecular dynamics simu-
lator to the Cu/ZnO methanol synthesis catalyst system and
introduced our success in the clarification of the methanol
synthesis reaction dynamics at reaction temperatures
[29].

6.2. Quantum chemical molecular dynamics simulation of
the ultrafine Cu particle on ZnO support

We constructed the Cu/ZnO catalyst model for the
methanol synthesis reaction dynamics simulations. Ultrafine
Cu16 particle was modeled and its structure was annealed
by our tight-binding quantum chemical molecular dynamics
simulator. Then, the ultrafine Cu16 particle was placed on
the arbitrary position of the ZnO surface and the simulation
was started in order to obtain the stable structure of the ul-
trafine Cu16 particle on the ZnO support. Here, ZnO(101̄0)
surface, which contains 96 atoms, was employed as the
support.Fig. 12 shows the dynamics of the ultrafine Cu16
particle on the ZnO surface simulated by our simulator.
Finally, the formation of the hemispherical, ultrafine Cu16
particle was observed on the ZnO support. It is interesting
to see that the average charge of the Cu atoms on the ZnO
support is+0.10, which indicates that the ZnO support
strongly influences the electronic states of the ultrafine Cu16
particle. The above information cannot be obtained by the
regular first-principles molecular dynamics simulator, since
it requests large computational costs and cannot investi-
gate large simulation model including both the ultrafine Cu
particle and ZnO support. Hence, we confirmed that our
tight-binding quantum chemical molecular dynamics simu-
lator is very effective to calculate huge simulation models,

which cannot be simulated by the regular first-principles
molecular dynamics method.

6.3. Chemical reaction dynamics of methanol synthesis
process calculated by tight-binding quantum chemical
molecular dynamics simulator

The chemical reaction dynamics of the methanol syn-
thesis process on the above huge Cu/ZnO catalyst model
was simulated at reaction temperature of 500 K. Experi-
mentally, the following reaction mechanism of the methanol
synthesis process from CO2 and H2 on the Cu/ZnO cat-
alyst was proposed[69]. First, CO2 adsorbed on the Cu
atom transforms to a formate intermediate. Second, formate
intermediate transforms to formaldehyde intermediate and
then transforms to metoxy intermediate. Finally, methanol
is formed from metoxy intermediate and methanol is des-
orbed from the catalyst surface. Following the above reac-
tion mechanism, we modeled the formate intermediate ad-
sorbed on the Cu/ZnO catalyst. Moreover, H2 molecule was
placed at the arbitrary position close to the formate inter-
mediate, and then quantum chemical molecular dynamics
simulation was started. The simulation result is shown in
Fig. 13. In this figure, the reaction site is magnified for
well understanding, although the electronic states dynam-
ics of all the atoms inFig. 12 were calculated. After H2
molecule approached to the reaction site, the dissociative
adsorption of H2 molecule was observed inFig. 13. One
of the dissociated H atoms formed a chemical bond with
a C atom in the formate intermediate and another hydro-
gen atom formed a chemical bond with an O atom in the
formate intermediate. Finally, we observed the formation of
formaldehyde intermediate from the formate intermediate.
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Fig. 13. Chemical reaction dynamics of the formate intermediate and H2 molecule on the Cu/ZnO catalyst at 500 K (reprinted from Ref.[29] with
permission from Elsevier).

The formation of formaldehyde intermediate from formate
intermediate was suggested by the previous experiments
[69].

Moreover, we also modeled the formaldehyde interme-
diate adsorbed on the Cu/ZnO catalyst. H2 molecule was
placed at the arbitrary position close to the formaldehyde
intermediate, and then quantum chemical molecular dynam-
ics simulation was started at reaction temperature of 500 K.
The simulation result is shown inFig. 14. In this figure the
reaction site is magnified for good understanding, although

Fig. 14. Chemical reaction dynamics of the formaldehyde intermediate and H2 molecule on the Cu/ZnO catalyst at 500 K (reprinted from Ref.[29] with
permission from Elsevier).

the electronic states dynamics of all the atoms inFig. 12
were calculated. After the H2 molecule approached to the
reaction site, the dissociative adsorption of the H2 molecule
was observed inFig. 14. One of the dissociated H atoms
formed a chemical bond with a C atom in the formaldehyde
intermediate and another H atom formed a chemical bond
with an O atom in the formaldehyde intermediate. Finally,
we observed the formation of methanol through metoxy
intermediate and then the desorption of the methanol was
successfully simulated. The formation of methanol from
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formaldehyde intermediate through metoxy intermediate
was also suggested by the previous experiments[69].

Our tight-binding quantum chemical molecular dynam-
ics calculations well reproduced the previous experiments,
although the regular first-principles molecular dynamics
method cannot simulate the chemical reaction dynamics
on huge catalyst models and clarify the effect of supports
and additives. Moreover, our tight-binding quantum chem-
ical molecular dynamics method can clarify more detailed
information such as the changes in the charge, bond pop-
ulation, electron transfer, and so on during the catalytic
reactions. Such information will significantly contribute to
the understanding of the catalytic reaction dynamics and
the elucidation of the reason why the Cu/ZnO catalyst has
high activity. Finally, we confirmed that our chemical reac-
tion dynamics simulator based on our original tight-binding
quantum chemical molecular dynamics method is very
effective to simulate the catalytic reaction dynamics and
to predict the final products from the reactants. More-
over, the combination of tight-binding quantum chemical
molecular dynamics method and combinatorial computa-
tional chemistry approach will be very effective tool for the
high-throughput screening of the catalysts. Hence, in the
near future we would like to perform combinatorial com-
putational chemistry approach based on the tight-binding
quantum chemical molecular dynamics method for the de-
sign of new methanol synthesis catalysts from CO2 and H2.

7. Conclusions

In the present paper, first we reviewed our combinatorial
computational chemistry approach to the design of new cat-
alysts for methanol synthesis and Fischer–Tropsch synthe-
sis by using grid-computing technology. As described in the
present paper, many calculation results were in good agree-
ment with the previous experiments and some new catalysts
were successfully predicted by our combinatorial compu-
tational chemistry approach. Hence, we concluded that our
combinatorial computational chemistry is very accurate and
effective approach for the design of new catalysts. We ex-
pect that our proposed catalysts in the present paper will be
experimentally confirmed and industrialized. Moreover, in
the near future our combinatorial computational chemistry
will be applied to the transition state search and the estima-
tion of the activation barrier for many catalytic reactions.
This approach will change our combinatorial computational
chemistry technique to more powerful tool for the theoreti-
cal catalyst design.

We also summarized the recent applications of our
tight-binding quantum chemical molecular dynamics
method to the clarification of the catalytic reaction dynam-
ics at reaction temperatures and confirmed that this new
software is very effective, powerful, and practical to simu-
late the catalytic reaction dynamics on huge catalyst models
including active metals, supports, and additives, compared

to the regular first-principles molecular dynamics method.
Application of our new simulator is now expanding to the
wide-range area of the catalysts fields. We are expecting that
our tight-binding quantum chemical molecular dynamics
method significantly increases the impacts and effectiveness
of computational chemistry to catalysts development as well
as in the near future a lot of catalysts designed by the above
new simulator will be commercialized and industrialized.
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