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Summary

pyscses is a Python package for modelling ionic space-charges in solid electrolytes. Its
primary use is to calculate equilibrium distributions of point-charge atomic defects within
one-dimensional “Poisson-Boltzmann”-like mean-field models. These calculations take as
inputs a set of defect site positions, within a specific crystal structure, and the associ-
ated defect segregation energies. pyscses can also be used to calculate ionic transport
properties (space-charge resistivities and activation energies) for these equilibrium defect
distributions.

One approach to modelling space-charge formation in solid electrolytes is to consider
defects as ideal point-charges embedded in a continuum dielectric, and to calculate equi-
librium defect distributions by solving mean-field “Poisson-Boltzmann”-like equations
(Franceschetti, 1981; Guo & Waser, 2006; E. E. Helgee, Lindman, & Wahnstrom, 2013;
A. Lindman, Helgee, & Wahnstrém, 2013; Nyman, Helgee, & Wahnstrom, 2012; Pol-
fus, Norby, & Bredesen, 2016). While numerical solutions to the 1D Poisson-Boltzmann
equation are relatively simple to implement, published results are typically obtained using
private closed-source codes, making it difficult to reproduce results or to test the effect
of different approximations included in specific models. pyscses provides an open-source
Python package for modelling space-charge formation in solid electrolytes, within a 1D
Poisson-Boltzmann-like formalism.We are currently using pyscses in our own research
into space-charge formation in solid electrolytes for fuel cells and lithium-ion batteries,
and hope that this open-source resource will support reproducible research practices in
future studies in this area (Sandve, Nekrutenko, Taylor, & Hovig, 2013).

Scientific Context

Crystalline solids consist of periodic arrangements of atoms that vibrate about fixed
lattice sites. In most solids, atoms rarely move between lattice sites, and long ranged
atomic diffusion is slow. Solid electrolytes are notable because they contain atoms that
can rapidly move between lattice sites, giving high diffusion coefficients. This unusual
property makes them useful in solid-state electrochemical devices such as fuel cells and
solid-state batteries (Mahato, Banerjee, Gupta, Omar, & Balani, 2015; Zheng, Kotobuki,
Song, Lai, & Lu, 2018). Many practical solid electrolytes are polycrystalline: they contain
multiple crystalline domains, with varied orientations, that meet at grain boundaries.

All (poly)crystalline materials contain defects—these are structural imperfections in the
crystal that break local crystal symmetries, such as vacancies of interstitials. Thermo-
dynamic arguments predict that defects will spontaneously segregate towards, or away
from, interfaces and grain boundaries. In ionic crystals, such as solid electrolytes, these
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defects carry electric charge, and their segregation produces a build up of charge at grain
boundaries. This, in turn, causes a redistribution of charged defects in adjacent crys-
talline regions, to form locally charged “space-charge” regions (Chiang, Lavik, Kosacki,
Tuller, & Ying, 1996; S. Kim & Maier, 2002; Maier, 1984, 1985, 2003). In space-charge
regions, defect concentrations may differ significantly from average “bulk” values in a
single crystal (Fleig & J., 1996). Ionic conductivities depend on local defect concentra-
tions, and space-charge regions with reduced or enhanced defect numbers can therefore
significantly affect the ionic conductivities of solid electrolytes (Jamnik & Maier, 1999).
Understanding the defect segregation and space-charge formation in solid electrolytes is
therefore key to optimising the properties of these materials for use in electrochemical
devices.

Numerical Model

pyscses considers simple one-dimensional models of crystallographic interfaces, and cal-
culates equilibrium defect distributions by solving a modified Poisson-Boltzmann equation
(De Souza, Munir, Kim, & Martin, 2011; Maier, 1995), which can be derived by consid-
ering the condition that at equilibrium the electrochemical potential for a given defect
species is constant (Maier, 2005):

4o, + RTn (10“’) +2,F, = u? .+ RTn <C°°> t 2 FO..
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The thermodynamic driving force for point-defect segregation to or from the interface is
described by defect segregation energies, {AE;’C"E}
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seg
ie., AE:;% is the difference in defect formation energy for defect species i at site x com-
pared to a reference site in the “bulk” of the crystal.
Within the general framework of solving this modified 1D Poisson-Boltzmann equation,
pyscses implements a range of numerical models:

o Continuum (regular grid) and site-explicit (irregular grid) models.

e Periodic and Dirichlet boundary conditions.

e “Mott-Schottky” and “Gouy-Champman” condtions. These are implemented by
setting the mobilities of different defect species. In the case of Mott-Schottky con-
ditions, all but one defect species have mobilities of zero.

e Inclusion of “lattice”site charges to account for non-defective species in the crystal
structure.

Properties that can be calculated include:

¢ Defect mole fractions.

o Charge density.

e Electrostatic potential.

o Parallel and perpendicular grain boundary resistivities (Hwang, McLachlan, & Ma-
son, 1999).

o Grain boundary activation energies (Sangtae Kim, 2016).
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Approximations and limitations

e The modified Poisson-Boltzmann model implemented in pyscses assumes that de-
fects only interact via point-charge electrostatics and volume exclusion.

o The resistivitity and activation energy calculations implemented in pyscses assume
that defect mobilities are independent of the local crystal structure.
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