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ABSTRACT

Ab initio Quantum mechanics calculations of the equation of states for BaZrOs; have been
performed and the bulk modulus has been obtained. The value of the modulus is in good agreement
with reported experimental values. Equilibrium proton positions in Y-doped BaZrO3; with dopant
concentrations from 12.5 to 50% were investigated. Initial rough estimates of the transition barriers
have been made. Our results suggest that the proton migration pathway may involve secondary
minimawith two maxima (symmetric with respect to the center of the path).

In the next phase of this project the results of our quantum mechanical calculations will be
used to develop a new Reactive Force Field (ReaxFF) based on first principles. This Reactive
Force Field will be used for much molecular dynamics simulations or much larger systems to
investigate proton migration in bulk and surface regions of fuel cells.
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INTRODUCTION

Y-doped BaZrOj; is one of the most promising proton conducting materials for solid oxide fuel cell
(SOFC) applications. It has desirable properties such as high protonic conductivity and excellent
chemical and mechanical stability. The current limitation for application of Y-doped BaZrOs in
SOFC is the extremely high grain boundary resistance, which leads to the relatively poor total
conductivity.

In order to understand the conductivity (both bulk and grain boundary) as well as the role of defects
and dopants in transport at the molecular level, we have designed the following first principles
based multi-scale strategy:

1. Accurate first principles Quantum Mechanica (QM) calculations of the materials under
analysis. equations of state (EOS), energetics of various configurations of dopant-protons,
migration barriers, etc.

2. Derive a First Principles-based Reactive Force Field (ReaxFF). ReaxFF uses the QM data
described in 1. It allows large-scale Molecular Dynamics (MD) simulations that enable the
study of proton transport under realistic conditions (temperature, structure, etc.) as well as
the role of grain boundaries, defects, etc.

3. MesoscaeKinetic Monte Carlo (KMC) simulations based purely on the results of 1 and 2.

According to the project schedule QM calculations on model structures have to be performed
during the first year. In this semi-annual technical progress report we present ab initio results (DFT-
GGA) that allows us to develop relationships between structures and energetics. Such calculations
represent the fundamental data on which ReaxFF and KM C will be based.

EXECUTIVE SUMMARY

We have performed ab initio calculations of the EOS of BaZrO3; from which a bulk modulus has
been obtained. This bulk modulus is in very good agreement with the reported experimental value.
We have investigated the equilibrium positions of protons in Y-doped BaZrOs; for three
concentrations of the dopant. Characteristic features of the equilibrium positions agree with those
obtained from previous calculations [1]. A general trend for the maximum energy differences could
be described as decreasing as the concentration decreases in the range considered. These results
seem to confirm the assumption that the high concentration of the dopant might lead to a trapping
of the protons [2].

Finally, we have made our first estimation of transition barriers. It is interesting to note that our
initial results based on ab initio calculations we find that the overall shape of the energy difference
landscape has two maxima (symmetric with respect to the center of the path). This is in contrast
with recent calculations [2] in which the oxygen configuration was assumed to be frozen and the
corresponding transition barrier displayed just one maximum at the center.

RESULTS AND DISCUSSION



Our QM calculations of BaZrO3; and BaYxZr1.xOz are based on Density Functional Theory (DFT)
[3,4] using Generalized Gradient Approximation (GGA) [5] to treat the exchange-correlation
energy functional. In these calculations pseudo- potentials are used to replace the core electrons. All
calculations have been performed at T = OK. We used the pseudo-potential local basis set code

SeqQuest.

For BaZrO3 we studied EOS (i.e. the functional relationship between the energy and volume) and
calculated the bulk modulus, which we compared with available experimental data.

For the doped materia, BaYxZr1-xOz, we analyzed the proton equilibrium positions for various
values of the dopant concentration X.

EOS of BaZrOs

We have studied the behavior of the energy (and as a consequence the behavior of the pressure P=-
dE/dV) as a function of the volume for cubic BaZrO3, We have also explored the stability of this
state against deformations at constant volume (tetragonal and rombohedral). Unlike other
perovskites we confirm that the cubic geometry is the most stable as suggested before from the
experimental data and theoretical calculations.

Fig.1 shows the EOS, [E(V),T=0K)] for cubic BaZrOs. The results of the QM calculations are
denoted by full circles while the curve is the corresponding fit according to the Rose EOS [2].
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Fig.1. EOS for cubic BaZrOs.



The Universal Rose EOS

The universal EOS of Rose is given by [2]

E(r,.) =DEE (a)

is the binding energy per atom and I is the radius of the Wigner Seitz sphere containing on the
average one atom volume.

a :(rws_ K/vsglq’wslz)
Withl'ws the equilibrium radius and | is alength scale.

E'@)» f(@)e
With
* * — * * * * *2 * *3
f@)=f,- ffa+f,a +f,a
Subject to the conditions thet E (0)=1.E" (0)=0,E" (0)=1, which then imply that

f, =-1,f  =-1f, =0. From the least square fit of the ab initio data the following values for the

free parameters are obtained:
DE=36.9076 +/- 0.0003
rwe=4.2441 +/- 0.0002
| =0.2438 +/- 0.0002
f3 =0.1093 +/- 0.0013
From this the bulk modulus can be calcul ated
2 I
B=-V £ = Va:j Eg
dv gdv * 5
We obtain B=144.597 GPA
Fig.2 shows this result (blue circle) together with the experimental values (red circles) as extracted

from the NIST data base (red circles). Asit can be seen from this figure, the agreement between the
experiment and theory is quite satisfactory.
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Fig.2. Experimental and calculated bulk modulus for BaZrOs.
Equilibrium Position for Protonsin BaYyZr1.xO3

Once the fundamental interactions of the base material were calculated and the accuracy of the
method was established, we could focus on the energetics of BaY xZr1.xOs. These calculations are
very expensive, therefore, we limited the values of x to 0.5, 0.25 and 0.125. The lowest
concentration of Y corresponds to 8 unit cells with atotal number of atoms equal to 41.

These calculations pursue a double object. On the one hand, we need to generate accurate
determination of the energies, positions and electronic populations (Mulliken analysis) to build an
appropriate training set for determination of parameters for the ReaxFF. Once ReaxFF is
developed, we will be able to perform large scale MD simulations. On the other hand, this
information provides valuable insight into the possible relevant states for the protonic conduction
process. Moreover, these data are relevant (together with the MD analysis) for determination of
transition probabilities for the implementation of dynamical codes for KMC calculations, which
will be used for the analysis of the system at mesoscopic scales.

BaYo.5ZrosHos03

BaY0.5Zr0.5Hos03 has the highest dopant concentration analyzed in this work. This concentration
(x=0.5) is much higher than the experimentally obtained optima concentration (x~0.15), which



provides the highest conductivity. Such a small value of the concentration would preclude a simple
picture of the conduction, i.e. percolation of Y sites. Such a percolation has a threshold of 0.31, i.e.
by afactor 2 larger than the optimal concentration, so the mechanism of proton conduction is much
more subtle.

Our model consists of parallel pure Y and pure Zr layers. Fig. 3 shows a schematic representation
of the equilibrium positions obtained in our calculations (see the figure captionfor details).

Fig.3. Schematic representation of the equilibrium positions investigated in this work.

Corresponding values of the energy are shown in Fig.5. All final configurations were obtained by
allowing the system to fully relax, except for configuration 2 in which the distance between the
proton and the nearest O was fixed to 1.07 A. The YOg-octahedron is green and the ZrOg-

octahedron is light blue.
An example of the actual final configurations is shown in Fig.4. One can see that the equilibrated

proton is not aligned directly along the O-O connection line of the corresponding Y Og-octahedron
but rather turned to the outside. This is a common feature of al our results.
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Fig.4. The asymptotic configuration after QM relaxation (configuration 1).
TheY atom isgreen, O - red, Zr - light blue, Ba— dark blue, the proton is yellow.

Finally, Fig.5 shows the values of the system energy referred to the minimal one (this scheme is
used for al concentrations and the minimum-energy value is always referred to 1 in the schematic
representations). As it can be seen, the difference between the minimum and the maximum is of
order of 0.8 eV, which means that the height of the energy of saddle point of the transition state
(assuming a direct path linking this two states) is larger than this value.
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Fig.5. Vaues of the relative energies of the different relaxed configurations obtained.
The first three values correspond to the proton being located between the neighboring O
anions along the edge of the Y Og octahedron parallel to the plane containing the Y atoms.

BaYo.252r075H0.2503

In the investigated geometries of BaY ¢ 25Zr0.75Ho2503 yttrium is ordered along the y direction in
one dimensiona strings so that each Y is surrounded by two aigned Zr aong the y direction and
four Zr along the x and z directions (see Fig.6).

Once again, we first present the schematic description of the positions of the relaxed protons
(Fig.6), then a characteristic relaxed state (Fig.7) and finaly the relative energies (Fig.8). It should
be noted that in this case the difference in energy between the minimum and the maximum is of
order of 0.4 eV, by afactor 2 lower than in the previous case.
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Fig.6. Schematic representation of the relaxed states found in this calculation.
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Fig.8. The lowest energy configuration for BaY o 25Zr0.75Ho.250s3.
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BaYo.125Zr0.875H0.12503

Due to the computational intensity of the calculation involving eight unit cells we have only studied
two configurations for this concentration so fr. Nevertheless, they are quite enlightening. In this
case, the DE between configurations, one on the Y Og-octahedron and the other on the ZrOe-
octahedron, is about 0.19 eV, which might indicate a rather shallow transition state energy.

Fig.9. Schematic representation of the relaxed states considered for BaY o.125Zr0.875H0.1250s.
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Fig.10. Energy differences for BaY 125Zr0.875H0.1250s.
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Fig.11. Relaxed configurations for BaY ¢ 125Zrg.g75Ho.125O0s.

First estimateof transition barriers

From the analysis of BaY o.5Zro5Ho 503 it is possible to get some information about the shape of the
transition barrier when a proton moves along an edge of the oxygen octahedron paralel to the plane
defined by the yttrium atoms. This estimation is obtained by comparing the energies at points 1, 2
and 3 in Fig.3. Fig.12 shows this comparison.

Barrier estimation in BaZr, sY, ;O3 5
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Fig.12. Relative energies of the relevant states along the path on the edge of the oxygen octahedron
paralel to theY plane.

Fig. 13 shows the main characteristics of the states whose energies are depicted in Fig.12.
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Fig.13. The main characteristics of the states.
MD Calculations

As mentioned above this data is being currently used to fit the parameters of the Reax Force Field.
Once this task is completed MD calculations are to be performed. In order to perform NVT
trgjectories and appropriate agorithm is to be used. In this sense, taking into account that
fluctuations might play a crucia role, we have constructed a MD code based on Nose-Hoover
formalism [6]. Test runs performed on simple 1000 particles 3D L.J. system give results than can
be properly described saying that the resulting velocity distribution function can be characterized
by <v> =0.00, (2/3)<Ke>/(s?)=0.0001, Skewness@.0001 (which measures the symmetry of the
distribution function) and the Kurtosis excess@.0001.
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CONCLUSIONS

Ab initio calculations of the EOS for BaZrO3 have been performed and the bulk modulus has been
obtained. The value of the modulus is in good agreement with reported experimental values.

Equilibrium proton positions in Y-doped BaZrO3 with different concentrations of the dopant have
been investigated. The general features of these positions confirm the result of the previous
calculations. The high concentration of the dopant might lead to a trapping of the protons.

The first estimate of the transition barriers has been performed. From our results based on the ab
initio calculations we found that the shape of the energy difference landscape showed two
maximums (Symmetric with respect to the center of the path). Thisisin contrast with the previous
reported results, in which the transition barrier displayed just one maximum at the center.

In the forthcoming months we will perform the following calculations:

We will continue exploring the energy landscape for the equilibrium positions of protons.
We will explore possible diffusion routes from a QM analysis.

We will incorporate the ReaxFF into a Nose-Hoover MD in order to investigate the
dynamics of proton diffusion and to determine diffusion constants.

We will explore the possibility of mapping of the proton diffusion process on an rrorder
percolation problem.

We will start analyzing the implementation of a Kinetic Monte Carlo code.
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LIST OF ACRONYMSAND ABBREVIATIONS

SOFC - Solid Oxide Fuel Cdll,

QM - Quantum Mechanics,

EOS - Equation of States,

ReaxFF - First Principles-Based Reactive Force Field,
MD - Molecular Dynamics,

KMC - Kinetic Monte Carlo,

DFT - Density Functiona Theory,

GGA - Generalized Gradient Approximation,

NVT — Constant-volume/Constant-temperature dynamics.
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