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a b s t r a c t

Ceria plays an important role in catalysis, due to its ability to store and release oxygen depending on
the condition present in the catalyst environment. To analyze the role of ceria in catalytic reactions it is
eywords:
A-QCMD
ydrogen
hemical reaction dynamics
eria
atalysts

necessary to know the details of the interaction of ceria surface with environmentally sensitive molecules.
This study was conducted using ultra accelerated quantum chemical molecular dynamics UA-QCMD to
investigate the reduction processes of the (1 1 1) and (1 1 0) surfaces of ceria with molecular hydrogen
as well as water desorption mechanisms from the surfaces. This simulation demonstrated that when
high-energy colliding hydrogen’s are adsorbed on the ceria, it pulls up an O atom from the ceria surfaces
and results in the formation of a H2O molecule. This is the first time quantum chemical methods have

tion p
been used for such reduc

. Introduction

Ceria is important catalysts in various industrial and envi-
onmental applications such as a three-way automotive exhaust
atalyst (TWC) [1]. Oxygen storage [2], the oxidation of hydrocar-
ons [3] and CO [4], and decomposition of alcohol [5] and aldehydes
6]. To understand the catalytic properties of both pure ceria and

etal/CeO2 materials, it is imperative to examine the redox sur-
ace chemistry. It is capable of oxygen uptake and releases during
xcursions of the air/fuel mixture into the net oxidizing and reduc-
ng regimes, respectively. Recently, these materials have generated
reat interest in the solid oxide fuel cells as an alternative elec-
rolyte for a lower temperature operation [7,8]. In the related field
f “on board” hydrogen production via stream reforming of hydro-
arbons, ceria based catalysts are currently being considered to
acilitate low temperature water gas shift-gas reaction, which con-

ert CO and water to CO2 and hydrogen. Most of these technological
pplications are based on the distinctive feature of Ce ions to easily
witch oxidation states between +4 and +3.

∗ Corresponding author at: Department of Applied Chemistry, Graduate School of
ngineering, Tohoku University, 6-6-10-205 Aoba, Aramaki, Aoba-ku, Sendai 980-
579, Japan. Fax: +81 22 795 7235.
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rocesses.
© 2010 Elsevier B.V. All rights reserved.

To understand the catalytic properties of pure CeO2 and
metal/CeO2 materials, it is imperative to examine the redox surface
chemistry. Defect chemistry of CeO2 subjected to a H2 atmosphere
has been studied by various experimental techniques; such as tem-
perature programmed reduction (TPR) [9,10] and nuclear magnetic
resonance (NMR) [11]. Fierro et al. reported an NMR spectrum,
which indicates the incorporation of hydrogen into the cerium
oxide when it is heated in a hydrogen atmosphere. The electron spin
resonance (ESR) and X-ray diffraction (XRD) also reflect consistent
results [12].

Wan et al. demonstrated that the physical effect of nanopar-
ticle sizes on the Ce3+ concentration in and the lattice parameter
of CeO2 is stronger than the chemical effect of hydrogen reduction
[13]. Al-Madfa et al. studied the kinetics of ceria pellets by electrical
conductivity and thermogravimetry techniques [14,15]. In partic-
ular, the electrical conductivity transients signified two processes:
oxygen desorption and surface reduction. Hydrogen interaction
with the Rh deposited onto CeO2 using X-ray photoelectron spec-
troscopy (XPS) [16]. Specifically, cerium oxide films were reduced
by H2 exposure if and only if Rh/CeO2 surfaces were preexposed
to gaseous O2. The interaction of perfect and lightly reduced ceria

(1 1 1) surfaces with hydrogen and water molecule have studied
using DFT calculations and concluded that rapid dissociation of
water at vacancy sites and also predicted a strongly exothermic
character for H2 chemisorption on the ideal ceria (1 1 1) surface
[17].

dx.doi.org/10.1016/j.cattod.2010.10.011
http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
mailto:miyamoto@aki.che.tohoku.ac.jp
dx.doi.org/10.1016/j.cattod.2010.10.011
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Table 1
Determined coefficients of single zeta parameter in Slater type atomic orbital.

Element AO a0 a1 a2 a3 a4 a5

H s 2.000 9.7715 −0.0000 0.0000 0.0000 1.0000
O s 2.1450 0.0802 0.0185 0.0007 0.0000 0.0000

p 1.9664 0.5181 1.0817 1.1475 0.0000 0.0000
Ce s 2.7165 0.0332 0.0208 0.0041 0.0000 0.0000

2.3. Periodic density functional theory method

The DFT calculations were also performed in order to val-
idate the accuracy of our TB-QC method. The DMol3 code
[30] was used for the present purpose and double numerical

Table 2
Determined coefficients of Hrr parameter.

Element AO b0 b1 b2 b3 b4 b5

H s −10.5503 −12.4348 −1.4354 0.0000 0.0000 0.0000
O s −28.6066 −15.0328 −1.4510 −0.4949 0.0419 0.0000
0 Md.K. Alam et al. / Cata

Vicario et al. [18] provided a sensible description of hydrogen
bsorption process using DFT. However, their 0 K computational
tudy does not provide any insights on the different possible mech-
nisms of water desorption, but for the observation that formation
f the surface OH groups causes an important protrusion of the
-bonded O atoms and thus the lengthening of the corresponding
e–O bond, which might be the starting point for water desorption,
nder the favorable conditions.

Chen et al. [19] reported the reduction mechanisms of
eO2(1 1 1) and (1 1 0) surfaces by hydrogen using DFT methods.
owever, the first principles QCMD demand extremely huge com-
utational costs. Our newly developed UA-QCMD method is faster
han the conventional first principles method and it can simulate
asily complex chemical reaction at reaction temperatures.

In the present study, we applied our in-house code for UA-QCMD
o simulate the reduction processes of ceria surfaces. The purpose
s to investigate the reduction mechanisms of the ceria surface
y hydrogen, which creates oxygen vacancies on the surface and
ubsequently causes water desorption from the surfaces.

. Computational methods

.1. Quantum chemical molecular dynamics method

To investigate the atomic interactions between hydrogen on
eria surfaces, we used our in house code UA-QCMD [20,21]. The
rogram is based on a tight-binding quantum chemistry (TBQC)
alculation program “New colors” [22–25] and classical molecular
ynamics program “NEW RYUDO” [21,26]. In the UA-QCMD pro-
ram, the center of the chemical reaction and electrons transfer
ynamics are calculated by the new colors program and remain-

ng part is calculated by the new ryudo program, thus realizing the
tudy of chemical reaction and electrons transfer dynamics for a
omplex system.

Dynamics of atoms were carried out using the following poten-
ial functions, which were employed to consider the ionic, covalent,
nd weak van der Waals interactions among atoms.

=
∑

i

∑
j>1

[
ZiZje

2

rij
+ f0(bi + bj)exp

(
ai + aj + rij

bi + bj

)
− cicj

r6
ij

]

+
∑

i

∑
j>i

Dij{exp[−2ˇij(rij − r0)] − 2 exp[−ˇij(rij − r0)]} (1)

The first term corresponds to the Coulomb potential, and the
econd term corresponds to the short-range exchange repulsion
otential (f0 is the constant for unit adjustment, a is the size, and
is the stiffness), which gives a good account of the repulsive

nteractions arising from the overlap of electronic clouds. The third
erm represents van der Waals dispersive interaction (c is the con-
tant for each atom). The fourth term in Eq. (1) corresponds to
he Morse-type potential, which represents covalent interactions,
here Dij is the bond energy, ˇij is the form factor, and r0 is the bond

ength at minimum energy. Using these potentials determined by
he above-mentioned scheme, a classical molecular dynamics (MD)
imulation was performed.

In this MD simulator, a Verlet algorithm [27] is employed to
ntegrate equation of motion. Moreover, the temperature scaling

ethod implemented in the system is similar to the Woodcock
lgorithm [28].
In the TB-QC, an electronic structure calculation was performed
y solving the Schrödinger equation (HC = εSC; H, C, ε, and S
efer to the Hamiltonian matrix, eigenvectors, eigenvalues, and
verlap integral matrix, respectively) with the diagonalization con-
ition (CTSC = I; I refers to the identity matrix). In the TB-QC,
p 2.6592 0.0010 −0.0127 0.0093 0.0000 0.0000
d 3.1519 0.3368 0.0000 0.0000 0.0000 0.0000
f 4.5582 0.3363 0.0000 0.0000 0.0000 0.0000

the double-� Slater type basis set was employed and long-range
Columbic interactions were computed by the Ewald method [29].
In order to determine the off-diagonal elements of H, Hrs, the cor-
rected distance-dependent Wolfsberg–Helmholz formula Eq. (2)
was used;

Hrs = K

2
Srs(Hrs + Hss) (2)

2.2. First-principles parameterisation in tight-binding calculation

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 �r, and valence state ionization potentials (VSIPs) for the 1s AO
of H atoms as well the 2s and 2p AOs of O atoms, 4d and 4f AOs of Ce
atoms are necessary. The former parameters are used to calculate
the S matrix and Hrs in Eq. (3). The latter ones are used for the diago-
nal element of H (Hrr or Hss in Eq. (4)). 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. The �r, and Hrr are calculated by the
polynomial functions of atomic charges described by Eqs. (3) and
(4), respectively.

�r = a0 +
5∑

k=1

ak(Zi)
k (3)

Hrr = b0 +
5∑

k=1

bk(Zi)
k (4)

In Eqs. (3) and (4), Zi corresponds to the atomic charge on the
atom i. The parameters regarding �r, i.e., a0, a1, a2, a3, a4, and a5 in
Eq. (3) and regarding Hrr, i.e., b0, b1, b2, b3, b4, and b5 in Eq. (4), were
determined so as to reproduce the binding energies and electronic
structures of a H2/CeO2 (1 1 1) surface model was obtained by DFT
calculations, which are summarized in Tables 1 and 2, respectively
and will be explained later on.
p −14.2851 −14.8159 −1.6244 0.0154 0.0434 0.0000
Ce s −5.5303 −5.0728 3.4414 −4.3070 1.5907 −0.1994

p −0.0612 −4.6247 3.8922 −4.4481 1.6406 −0.2082
d −8.4356 −4.8609 7.5711 −9.4497 3.5251 −0.4442
f −7.1929 −8.1663 3.1559 −1.5706 0.0885 0.0000
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Table 4
Calculated total binding energy of CeO2 (bulk model).

System Binding energy [kcal/mol]

DFT TB

CeO2 −4144.8 −3990.92

Table 5
Calculated bond population of CeO2 (bulk model).

Bond population Ce–O
ig. 1. CeO2 bulk model (cell parameters: a = 7.6532 Å, b = 6.6271 Å, c = 9.372 Å, and
= ˇ = � = 90◦) was used in the validation of parameterization. Here white sphere

epresent Ce atom and black sphere represent O atom.

asis sets with polarization functions (DNP) were employed.
he parameters used in Eqs. (1) and (2) were tuned compar-
ng with DFT results (atomic charges, bond populations, atomic
rbital populations and binding energies). The geometry optimiza-
ion was performed using the Vosko, Wilk, and Nusair (VWN)
ocal density approximation functional [31] while the energies

ere recalculated using the generalized gradient approximation
GGA) with Perdew–Burke–Ernzerhof (PBE) exchange-correlation
unction [32] was adopted for energy calculations. The charge pop-
lation was analyzed by Hirshfeld method [33].

. Results and discussion

In order to validate our parameters shown in Tables 1 and 2,
bulk model of CeO2 cluster was prepared, which was depicted

n Fig. 1 CeO2 model containing 12 cerium and 24 oxygen atoms,
as used for the method validation in the present study. By using
Mol3 program we performed geometry optimization of this struc-

ure. The accuracy of the used parameters were evidenced by
omparison of the atomic charges, atomic orbital populations,
ond populations, and total binding energies of the CeO2 bulk
odel obtained by TB-QC method and DFT method with different

xchange correlation potential. Table 3 shows the comparison of
he atomic orbital population of CeO2 model by DFT and TB meth-
ds. From this table it can be clarified that the atomic charges on
e and O atoms were close to those obtained by DFT. There was
o significant difference found in charge values of different atoms

alculated by different exchange correlation potential and TB-QC
ethod. Table 4 shows comparison of total binding energy of the

ystem obtained by DFT and by TB-QC. Table 5 shows the com-
arison of the bond populations for the Ce–O, in CeO2 bulk model,
hich agreed well with DFT results.

able 3
omparison of atomic orbital population of bulk CeO2 model by DFT and TB-QC
ethod.

Charge s% p% d% f%

DFT
Ce 0.50 0.30 0.10 1.93 1.17
O −0.25 1.75 4.50

TB-QC
Ce 0.50 0.31 0.10 1.92 1.17
O −0.25 1.17 4.47
DFT TB

Ce–O 0.22 0.19

The reduction of the (1 1 1) and (1 1 0) surfaces of ceria by H2
were calculated as shown in Figs. 2 and 3. The initial interaction of
the hydrogen molecule approaching the metal oxide surface is van
der Waals attraction. In initial structure the H–H distance is 0.754 Å
and the distance between H2 to O (surf) is 5.47 Å.

Oxygen vacancies are pertinent in the defect chemistry of CeO2.
Oxygen vacancy defect can appear on the oxide surface or in the
bulk and can strongly modify the electronic and catalytic properties
of the oxide. For a direct observation of the surface and the sur-
face processes at the atomic scale, defect and adsorbates at slightly
and strongly reduced ceria, the thermodynamically most stable and
easily prepared crystallographic termination of ceria have already
been studied by scanning tunneling microscopy (STM) [34,35] and
non-contact atomic force microscope (NC-AFM) [36,37]. We have
already calculated oxygen vacancy formation energy (Evac) of first
layer in the surface using the equation.

Evac = E(CeO2vac) + E(O) − E(CeO2)

where E(CeO2vac) is the total energy of the slab with the vacancy,
E(CeO2) is the total energy of the slab computed for the stoichio-
metric slab, and E(O) is the computed binding energy for O atom.
The oxygen vacancy formation energy on the surface of ceria was
estimated to be −3.87 eV, which is in good agreement with our
recent report [21] and previous theoretical investigation [38].

The (1 1 1) and (1 1 0) surfaces of ceria were modeled with super
cell slabs consisting of six layers of 26 atoms in the unit cell [39].
The lattice parameters are a = 6.6271 Å, b = 7.6523 Å, and c = 20.00 Å.
We used a theoretical equilibrium lattice parameter and the thick-
ness of the vacuum separating the slabs is 11.82 Å. As the initial
structure, a single hydrogen molecule was placed on the free sur-
faces above the Ce and O atoms and the distance between hydrogen
and the surface was 5.47 Å. In the present study, a high tempera-
ture of 873 K was used and the corresponding mean velocity about
2700 m/s was given to the hydrogen molecule.

Before setting up this velocity for hydrogen molecule, we inves-
tigated the effect of different velocities for hydrogen molecule.
No adsorption occurred for 1000 m/s of hydrogen molecule and
the same phenomena was observed for 2000 m/s and 2500 m/s.
For 2700 m/s the hydrogen was completely adsorbed. In case of
3000 m/s the hydrogen molecule was adsorbed on the surface but
surface is not stable. So considering the adsorption phenomena
and surface stability we set up the velocity 2700 m/s for hydrogen
molecule.

To reduce the computational cost we fixed bottom O–Ce–O lay-
ers of ceria while upper O–Ce–O layers were relaxed. Simulations
were performed at a temperature of 873 K for the models. To deter-

mine the position of the adsorbed hydrogen, we have performed full
structural relaxations of the slab on which a hydrogen molecule had
been positioned on the different initial sites.

Six snapshots taken from the simulations at different time
steps are shown in Figs. 2 and 3. In this calculation, we focused
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ig. 2. (I) Initial structure of CeO2(1 1 1)–H2 system. Here the black spheres repre
urface of ceria, where in the dynamics simulation hydrogen molecule adsorbed on
V) where two O–H groups interacting with each other and water molecule about
orm H2O molecule creating oxygen vacancy in the ceria surface.

n three specific atoms H(a), H(b) and surface oxygen (Osurf) as
hown in Fig. 2. During the simulations, bond lengths, bond ener-
ies and structural change were observed to discuss the bond
reaking, bond-formation, electron transfer, and structural change
t the CeO2–H2 interface. According to the MD simulations, ini-
ially, hydrogen molecule comes close to the surface as shown
n Figs. 2(II) and 3(II). At 130 fs, the hydrogen molecule adsorbed
o the Osurf atom on the CeO2 (1 1 1) surface and at 230 fs, H2
s adsorbed on the CeO2 (1 1 0) surface as shown in Fig. 3(II).
he hydrogen molecule sinks along the normal to the surfaces
p to a distance of 1.00 Å on the first atomic layer. The most

mportant geometrical changes (with respect to relaxed clean sur-
aces) induced by the hydrogen adsorption in both cases involve
he O atom directly bonded to hydrogen and the nearest cerium
toms. In the simulations, status of atoms in the relaxed upper
ayers change respect to time. The adsorption energy is calcu-
ated to characterize the strength of bonding of hydrogen on
he surfaces and defined as: Ead = E(CeO2) + E(H2) − E(CeO2 + H2). In
his case, the calculated adsorption energies are −28.7 kcal/mol
or the (1 1 1) surface at 350 fs and −38.2 kcal/mol for the (1 1 0)
urface of ceria at 230 fs, indicating that the adsorption of
ydrogen molecule on these surfaces of ceria is energetically

avored.
The calculated velocities of the desorbing water are 3240 m/s for

he CeO2(1 1 1) surface and 3020 m/s for the CeO2(1 1 0) surface.

ifferent velocities of water molecules indicate surface stability
nd dependency. The fallen potential energies of surfaces dur-
ng the simulation provide the kinetic energy for desorbing water

olecule from the surfaces. According to our results it suggests that
1 1 1) surface is more stable then CeO2(1 1 0).
, the white spheres Ce, and the gray spheres H. (II) Snap shot at 130 fs for (1 1 1)
eria surfaces. (III) Snap shot at 150 fs, where H2 interact with the surface. (IV) and
orbs from the surface. (VI) Final structure, where an O come out from the surface

Fig. 4 illustrated the change in the bond lengths between the
O(surf) and H(a) to H(b) during the simulations. Due to dynam-
ics the atomic status changes respect with time. Finally, the bond
distances of O–H(a) and O–H(b) become about 1.00 Å, which indi-
cates that the desorbing molecule is water. This value has good
agreement with experimental findings [40].

Fig. 5 shows the changes in the bond energies between O(surf)
and to H(a) to H(b). During the UA-QCMD simulation, the values of
the bond energies of the O(surf) to H(a) were 0.0, −41.36, −114.71,
and −104.07 kcal/mol at 0 fs, 230 fs, 303 fs and 2803 fs, respectively.
On the other hand, the bond energies between O(surf) to H(b)
were 0.0, −51.72, −115.28, and −98.4 kcal/mol on the same time
sequence. This analysis also suggest that bond energies of O(surf)
to H(a) and to H(b) were changing during the simulation before
desorbing as water molecule as shown in Table 6.

Fig. 6 indicates that the average atomic charge value for each
layer of oxygen atoms increases with time. At the beginning of the
interaction the drastic charge variation exposes in case of the most
reactive oxygen O(surf) atom, that takes part in interaction with
adsorbed hydrogen molecule and finally desorbed from the surface.
The electro-negativity of this surface oxygen decreases but average
atomic charge value of other surface oxygen atoms increases with
simulation time.

As a result of the oxygen vacancy, electrons are thought to
localize on the cerium ions neighboring the vacancy site in its 4f

orbital state, thereby reducing the cerium ions from Ce4+ to Ce3+

ions and populating a defect state near the bottom of the conduc-
tion band [38]. Fig. 8 is the time profile of the atomic charges on
Ce atoms in each layer of CeO2 (1 1 1). The average charges on
the O atoms in each O layer of the CeO2/H2 systems were ana-
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Fig. 3. (I) Initial structure for CeO2(1 1 0)–H2 system. Here the black spheres represents oxygen atoms, the white spheres Ce, and the gray spheres H. (II) Snap shot at 160 fs
for (1 1 0) surface of ceria, where in the dynamics simulation hydrogen molecule come close to the surface. (III) Snap shot at 230 fs, where hydrogen molecule interacts with
the surfaces and hydrogen molecule dissociates followed by the formation of O–H groups. (IV) and (V) where two O–H groups interacting with each other and water molecule
about to desorbs from the surface. (VI) Final structure, where an O come out from the surface form H2O molecule creating oxygen vacancy in the ceria surface.

Table 6
Calculated bond lengths and bond energies of O(surf) to hydrogen atoms [H(a) and H(b)].

Time [fs] O–H(a) O–H(b)

Bond length [Å] Bond energy [kcal/mol] Bond length [Å] Bond energy [kcal/mol]

l
e
e
fi
r
C

T
A

0 4.97 0.0
230 1.30 −41.36
303 0.89 −114.71

2803 1.05 −104.07

yzed (Table 7), to study the change of electrons transfer. Here, the
mployed CeO2 model consists of four O layers and two Ce lay-

rs. The surface and bottom oxygen layers are designated as the
rst and the fourth O layers respectively, as shown in Table 7. This
esult indicates that the electron transferred from the hydrogen to
e and O atoms during the interactions. However, different charge

able 7
verage atomic charges on O atoms in each layer of CeO2(1 1 1).

0 fs 100 fs 230 fs 303 fs 1303 fs 2103 fs 2803 fs

1st O layer −0.982 −0.982 −0.978 −0.938 −0.895 −0.944 −0.938
2nd O layer −0.893 −0.894 −0.894 −0.942 −0.955 −0.932 −0.932
3rd O layer −0.898 −0.896 −0.895 −0.923 −0.946 −0.924 −0.925
4th O layer −0.898 −0.896 −0.895 −0.923 −0.946 −0.924 −0.925
5.73 0.0
1.26 −51.72
0.88 −115.28
1.10 −98.4

values of Ce atoms in the 1st layer and 2nd layer were observed,
as shown in Table 8. Significant charge variation occurred when
hydrogen molecule adsorbed on the (1 1 1) at 350 fs and at 230 fs

on the (1 1 0) surfaces of ceria. For hydrogen molecule (Table 9), we
noticed different charge values with simulation time and signifi-
cant charge distribution appeared during the simulation as shown
in Fig. 7. Initially, average atomic charges on Ce atoms in both layers
change but when the water molecule desorbs creating an oxygen

Table 8
Average atomic charges on Ce atoms in each layer of CeO2(1 1 1).

0 fs 100 fs 230 fs 303 fs 1303 fs 2103 fs 2803 fs

1st Ce layer 1.876 1.878 1.882 1.893 1.754 1.596 1.669
2nd Ce layer 1.879 1.881 1.883 1.77 1.742 1.959 1.941
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ig. 7. Atomic charge analysis of hydrogen molecule and O(surf) atom during the
imulation (1 1 1).
acancy on the surface as shown in Fig. 2(VI), the electro-positivity
f 1st layer Ce atoms decreased. However, for the 2nd layer, charge
alue remains approximately constant when compared to the ini-
ial structure as mentioned in Table 8. At about 300 fs when the H2

able 9
nalyze the atomic charges on H atoms during the MD simulation.

0 fs 100 fs 230 fs 303 fs 1303 fs 2103 fs 2803 fs

H(a) 0 0 −0.001 0.056 0.172 0.120 0.099
H(b) 0 −0.001 −0.013 0.096 0.169 0.144 0.093
Time [fs]

Fig. 8. Time profiles of average atomic charges on Ce atoms in each for CeO2 (1 1 1).

was adsorbed on the ceria surfaces, a more electro-positivity value
was observed for the 1st layer of Ce atoms due to electron transfer
from Ce atoms to the hydrogen. Also, massive electrons transfer
occurred when the Ce–O bond broke and the O atom reacted with
the H2 molecule, resulting in the desorption of a water molecule.
Further detailed analysis show that the electrons were transferred
from the p-orbital of the O atom to the f-orbital of the Ce atom.
This reduction reaction is related to the ability of Ce to exist in two
oxidation states, Ce3+ and Ce4+ [41] (Fig. 8).

Adsorbed H2 species directly dissociates, and the dissociated
hydrogen that contain high kinetic energy adsorbed on favorable
active O−2 sites as shown in Figs. 2 and 3, followed by the formation
of OH species. Surface OH species can further diffuse on the reduced
CeO2 surface and interact with each other to produce H2O, which is
accompanied by the reduction of Ce4+ to Ce3+ and formation of an
oxygen vacancy when H2O desorbs which followed previous theo-
retical study [18]. Our simulation revealed that the self-containing
kinetic energies of adsorbed atom and fallen potential energies
contribute to trigger of the desorption of H2O.

4. Conclusion

This is the first successful simulation of hydrogen molecule on
ceria surfaces using our UA-QCMD. It allowed for the investigation
of the surface dependency of ceria surfaces on H2 adsorption on the
surface and the velocity of desorbing water. Our calculations results
corresponded well to the results from previous experiments. It also
revealed more detailed information such as changes in the charge,
electronic transfer, variation of bond distances or bond energies
and structural change during the simulation. It is also demonstrated
that hydrogen molecule which possessed high velocity can reached
and interacted with surface oxygen on the active sites of the sur-
faces and formed O–H groups. Due to mutual interaction between
OH groups finally it desorbs as a water molecule. High velocity
containing hydrogen molecule and structural change of this sys-
tem during the simulation provided kinetic energy to complete the
desorption process.
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