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Abstract

First-principles molecular orbital calculations for the electronic states of hydrogen in ZrO, have been carried out using the discrete
variational-Xa cluster method. Both the band gap energy and the valence band structure of ZrO,, are in good agreement with experimental
results. By the introduction of a hydrogen atom, a new impurity level appears below the conduction band and the band gap is greatly
reduced. Calculated partial density of states of the H 1s component in the band gap reproduces the experimental results obtained by means
of Mott—Schottky analysis. The dominant chemical bond in ZrO, is found to be the strong ionic bond between Zr and O atoms, and the

bonding character is hardly modified by the hydrogen content.
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1. Introduction

Zirconium alloys such as Zircaloy and Zr—Nb have been
widely used as cladding materials for light water reactors
(LWRs). Renewed interest in the corrosion of the cladding
under the high burn-up conditions of LWRs has called for
a reassessment of hydrogen behavior in the cladding.
Zirconium dioxide (ZrO,) is formed on the surface of the
cladding under the corrosion process and serves as a
hydrogen diffusion barrier. A sound understanding of the
electronic states of hydrogen in ZrO, is of particular
importance for minimizing the hydrogen embrittlement of
the cladding.

Although several studies on the behavior of hydrogen in
ZrO, have been carried out [1-6], there are insufficient
data to elucidate the detailed electronic state of hydrogen
in ZrO,. In this work, we present first-principles molecular
orbital (MO) calculations to study the electronic states of
hydrogen in ZrO,. We focus on both the energy level
structure and chemical bonding character, and demonstrate
how the presence of hydrogen in ZrO, affects the elec-
tronic states. In addition to the theoretical calculations of
the quantum chemistry, the band structure of ZrO, was
determined experimentally using X-ray photoel ectron spec-
troscopy (XPS) measurements.

* Corresponding author.

2. Experimental and computational procedures
2.1. XPS measurements

All samples used for XPS measurements were made
from a commercial zirconium sheet (Nilaco) of 99.7%
purity and 1.0 mm thickness. Each sample was cut into the
form of a disk (about 10 mmXx10 mm). A flat surface was
mechanically ground and polished with abrasive paper.
After mechanical treatment, it was ultrasonically degreased
in acetone for 15 min. The samples were oxidized in air at
400°C for 18 h to form thin oxide films on the surface.
Before the oxidation, al the samples were placed in a
vacuum (~10° Torr) at 250°C for 3 h to remove gases
adsorbed on the surface. All of the XPS experiments were
carried out in an ultra-high vacuum (UHV) on a Quantum
2000 spectrometer (Physical Electronics). The XPS spec-
trum was recorded using an Al Ka (1486.6 &/) X-ray
source and an analysis area of 300 umXx300 pwm, with a
fixed analyzer resolution of 0.25 éV.

2.2. DV-Xa cluster method

Molecular orbital calculations were performed by means
of the discrete variational (DV)-Xa cluster method based
on the local density function approximation. The DV-Xa
method is a non-relativistic first-principles method using
Slater's Xa potential as the exchange-correlation potential.
Details of the DV-Xa method have been discussed at
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Fig. 1. Cluster model used in the calculations for hydrogen-doped
[Zr 1405, +H] =

length in the literature [7—9]. Matrix elementsin the secure
equation were calculated by numerical, three-dimensional
integration with 1000 points per atom by a random
sampling method. Slater's exchange parameter, «, was
fixed at 0.7 for all atoms. The basis sets of the numerical
atomic orbitals used were 1s-5s, 1s—2p and 1s for Zr, O
and H, respectively. One model cluster was employed, as
shown in Fig. 1. The clusters belong to a tetragona

structure of space group P4,/nmc with lattice parameters
of 0.36055 nm on the a-axis and 0.51797 nm on the c-axis.
These lattice parameters were adopted from experimental
data [10]. However, the detailed crystal structure data for
hydrogen-doped ZrO, with tetragonal structure has not
been reported. Therefore, we adopted the same lattice
parameters for every cluster. The cluster used has six sites
for hydrogen occupancy. In the hydrogen-doped cluster, a
hydrogen atom occupies one of these sites. Each site is the
central site of an octahedron, the corners of which are
occupied by six Zr ions. The hydrogen content per unit
cell, C,,, can be varied between 0 and 3. The formal charge
was assumed to be +4 for al Zr ions and —2 for al O
ions, but the hydrogen atom was assumed to be neutral in
order to maintain a charge balance in the cluster. There-
fore, the charge of every cluster was the same. The
calculations were performed under no symmetry and under
the condition of non-spin polarization. All clusters were
embedded in a Madelung potential field.

3. Results and discussion

Figs. 2 and 3 show the energy level structures and the
density of states (DOS) for [Zr,,0,,]**" and [Zr,,0,,+
H]*** clusters. The discrete MO levels are broadened by
the Gaussian function with a full width at half maximum
(FWHM) of 0.5. In the energy level diagram, occupied and
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Fig. 3. (@ Energy level diagram, (b) total and partial density of states and (c) overlap population diagram for a hydrogen-doped [Zr,,0,,+H]**" cluster.
Note the 10-fold magnification of the PDOS for the H 1s component in (b) for easy visualization.

unoccupied MO levels are indicated by solid and dotted
lines, respectively. The partia density of states (PDOS) for
each atomic orbital component that largely contributes to
the total DOS is aso plotted in the DOS diagram. In order
to obtain a better understanding of the chemical bonding
state, we calculated the energy distributions of overlap
populations according to Mulliken's population analysis
[11], as shown in Figs. 2c and 3c. The interactions between
Zr-0, O-0, Zr-Zr, H-O and H—Zr in the corresponding
cluster were investigated separately.

Fig. 2a and b show that the valence band is composed
mainly of occupied O 2p states with a width of ~5 &/ and
contains small components of Zr atomic orbitals in the
hydrogen-free cluster, [Zr,,0,,]**". The conduction band
is composed primarily of unoccupied Zr 4d states with a
width of ~4.5 &/. The Zr 4d band aso contains a small
amount of O 2p components. This indicates that there
exists a weak covalent interaction between Zr and O ions.
The valence band is divided into two distinct peaks. Fig.
2c shows that the lower peak is attributed to the bonding
states due to the weak covalent interaction between Zr 4d
and O 2p. The higher peak is of the non-bonding states,
essentially composed of O 2p. The highest occupied
molecular orbital (HOMO) level lies on the top of the O
2p band, and the lowest unoccupied molecular orbital
(LUMO) level lies on the bottom of the Zr 4d band. The
band gap between the HOMO and LUMO level is esti-

mated at 4.9 /. This value is in good agreement with our
experimental results obtained by photoelectrochemical
measurements [12] and other reports [13—-16].

The valence band structure of ZrO, was determined
experimentally using X-ray photoelectron spectroscopy
(XPS). In Fig. 4 we compare the experimental spectrum
with the DOS results of the cluster calculation using the
hydrogen-free cluster, [Zr,,0,,]**". The calculated MO
energy is shifted by 7 &/ so as to produce the best
agreement with the experimental spectrum. This dis-
crepancy in energy levels is probably attributable to the
ambiguity in the absolute energy levels that is inevitably
present to some extent in DV-Xa cluster calculations due
to the difference between the model clusters used and the
formal stoichiometry of the corresponding compounds.
However, relative values are reliable when an applicable
cluster based on the actua structure is selected. The
theoretical DOS reproduces the experimental XPS spec-
trum well. The three peaks in the spectrum are identified
by our MO calculations as described above.

In the hydrogen-doped cluster shown in Fig. 3aand b, a
new hydrogen-related level appears at the HOMO level
between the conduction and vaence bands. This impurity
level is not completely filled with electrons and is com-
posed mainly of both H 1s and O 2p orbitas. Further
analysis shows that this level consists of 58.95% H 1s and
25.31% O 2p components. The H 1s component also
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Fig. 4. Comparison between (a) the calculated DOS for the [Zr,,0,,]**" cluster and (b) the experimental XPS spectrum. Note that the DOS diagram is

shifted by 7 eV so as to produce the best agreement.

appears below the valence band, where the H 1s orbital
interacts with the O 2p orbital. Due to this contribution, the
valence band is dlightly broadened towards the lower
energy side. The band gap between the HOMO and LUMO
level is estimated to be 1.5 &/. This indicates that the
impurity level due to a doped hydrogen atom appears in
the band gap and largely reduces the band gap energy.
However, except for these points, the main features of the
band structures are hardly modified by the introduction of
a hydrogen atom. Fig. 3c shows that bonding and anti-
bonding interactions coexist between H and O atoms,
while no anti-bonding contribution can be seen between H
and Zr atoms. In the case of the H-O bond, a bonding
interaction is dominant in the valence band, while there is
an anti-bonding interaction near the HOMO level. As a
result, the magnitude of the H-O covalent interaction is
much smaller than that of the H—Zr interaction.

In another series of experiments [11], the distribution of
the electronic states in the band gap induced by hydrogen
charging was investigated by Mott—Schottky analysis. A
new hydrogen-induced state was obtained in the band gap,

the density being rather higher near the edge of the
conduction band and decreasing towards the bottom of the
band gap. The calculated partiadl DOS of the H 1s
component in the band gap between the HOMO and
LUMO level is shown in Fig. 5 together with the ex-
perimental result. The theoretical DOS agrees well with
the experimental result. This indicates that hydrogen
charging gives rise to a new impurity level in the band gap,
which originates mainly from the H 1s component.

For a characterization of the chemical bonding, the bond
order between atoms and the net charge of atoms were
estimated according to the Mulliken population analysis
[11]. The bond order is a measure of the strength of a
covalent bond between ions. In Fig. 6 the results obtained
for ZrO,H, (x = 0-3.0) are summarized in order to discuss
the change in the chemical bonding with hydrogen content.
The value x represents the hydrogen content per unit cell.
As shown in Fig. 6a, both the O—O and Zr—Zr bond orders
are negative or nearly zero for every cluster and are little
changed by the hydrogen content. The Zr—O bond order is
larger than any other bond. The H—O bond order increases
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slightly with hydrogen content, while the Zr—H bond order
decreases. The bond order of materials in which the
covalent bond is dominant has been reported to be 0.2—0.5
[17-19]. This shows that all of the covalent bonds between
the atoms in ZrO,H, are very weak and the covalent bond
is not dominant in zirconium dioxides.

Fig. 6b shows the net charges of ions in the centre of the
corresponding clusters. As shown in this figure, the net
charges of Zr and O ions are not very sensitive to the
hydrogen content and there is a strong ionic interaction
between Zr and O ions. However, the ionic bonds between
Zr—H and H-O ions are very week due to the small
ionicity of the hydrogen atom. These results show that the
ionic bond between Zr and O ions plays a mgjor role in the
bonding character of zirconium dioxide and it is hardly
modified by the hydrogen content. The contribution of the
ionic and covalent interaction between H and the other
atoms to the bonding states in ZrO,H, is considerably
smaller because of the small covalency and ionicity of the
hydrogen atom.

4. Conclusions

We have performed first-principles MO calculations
using the DV-Xa cluster method in order to investigate the
modification of the electronic states of hydrogen in zir-
conium oxides due to the introduction of hydrogen. The
band gap energy of ZrO,, estimated to be 4.9 eV, is
consistent with experimental results obtained using photo-
electrochemical measurements. The valence band structure
of ZrO, obtained by the calculation reproduces the ex-
perimental spectrum measured by X-ray photoelectron
spectroscopy. The chemical bonding properties of ZrO,
were investigated using both the density of states and the
bond overlap population. The strong ionic bond between
Zr and O atoms mainly contributes to the bonding states of
ZrO, because of the small covalency between the con-
gtituent atoms. When a hydrogen atom is introduced into
pure ZrO,, a new impurity level, primarily consisting of
both H 1s and O 2p orbitals, appears at the HOMO level
and the band gap energy is greatly reduced to 1.5 e/. The
calculated partial DOS of the H 1s component in the band
gap agrees well with the experimental results obtained for
hydrogen-implanted ZrO, by means of Mott—Schottky
analysis. The bonding character of ZrO, is hardly modified

by the hydrogen content. This suggests that no chemical
bonding is formed between hydrogen and the other atoms.
We conclude that the important role of hydrogen charging
can be explained by the significant change in the energy
level structure due to the formation of a new impurity
level, resulting in reduction of the band gap energy, rather
than a change in the bonding character.
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