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lon transport across grain boundaries in diverse polycrystalline
ionic conductors is often found to be hindered. Such behaviour
is commonly attributed to the presence of a highly resistive
second phase or to the presence of space-charge zones, in
which mobile charge carriers are strongly depleted. One other
possible cause - the severe perturbation of the crystal structure
within the grain-boundary core - is widely ignored. Employing
molecular dynamics (MD) simulations of the model X5(310)
[001] grain boundary in fluorite-structured CeO,, we demon-
strate an approach to extract the intrinsic structural resistance
of a grain boundary (to ionic transport across it), and we
determine this excess resistance as a function of temperature.
Compared with space-charge resistances predicted for a dilute
solution of charge carriers the structural resistance of this
interface is orders of magnitude smaller at temperatures below
T~ 1000 K but at T> 1200 K it is no longer negligible.

The arrangement of ions in various crystal structures allows
particular ions to migrate through the structures at astonishing
rates. Characteristic examples are garnet-type Li,La;Zr,0,, for
Li*," fluorite-type CeO, for 0*~,*® and perovskite-type BaZrO,
for H".® These and similar materials are generally character-
ised by high-symmetry structures comprising a continuous
network of migration paths with low-energy barriers linking
sites of comparable energy.'*'® The application of such
materials in solid-state electrochemical devices (e.g. in batteries
and fuel cells) is not in the form of single crystals, however;
rather it is in the form of polycrystals, whose grain boundaries
are found to diminish the overall rate of ion transport.”’* The
high resistance to ion transport presented by the grain
boundaries is often attributed to highly resistive second phases
or to space-charge layers depleted of the mobile charge
carriers.”>=" A third possibility is rarely considered: the resist-
ance arising from the perturbed crystal structure. High-
conductivity crystal structures already offer ideal, or very close
to ideal, conditions for ion transport, and consequently, any
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perturbation of that crystal structure is expected to result in
diminished transport rates.**¥ Specifically, the ion arrange-
ments at interfaces differ considerably from those in the bulk, in
terms of symmetry and altered inter-ionic distances. These
differences are expected to result in a more complex energy
hypersurface with increased activation barriers of migration. As
a consequence, grain boundaries in the best ionic conductors
will exhibit an intrinsic structural resistance. The unanswered
question at this time is how large this resistance is.

Increased structural resistance is invoked on rare occasion in
the literature.®*>% In some cases, there are, however, problems
with the analyses, mainly because there is no approach
available that selectively probes the intrinsic structural grain-
boundary resistance. Experimental grain-boundary resistances
reported so far may conceivably contain contributions both
from space-charge effects and from the structural perturbation.
Kim and Lubomirsky®*” suggested an elegant method to
differentiate between space-charge related resistances and
other resistances, such as those arising from current constriction
caused by secondary phases or from structural perturbation. In
their method, the grain-boundary electrostatic potential ob-
tained by analysing the ratio of grain-boundary to bulk
resistances (an analysis that is based on the explicit premise of
the structural and other resistances being negligible) is
compared with the potential obtained by analysing the power-
law dependence of the current voltage behaviour at bounda-
ries. Unfortunately, this approach does not allow the intrinsic
structural resistance to be separated from other non-space-
charge related resistances. Furthermore, in cases where a non-
space-charge resistance has been conjectured, the systems
under consideration were all concentrated solid solutions, but
were analysed in terms of dilute-solution theories. The examina-
tion of a far more dilute solution does not yield a difference
between the two.”® Any difference extracted from a compar-
ison of the power-law behaviour and the resistance ratio could
therefore arise from treating a concentrated solid solution with
dilute-solution models.?? The validity of the authors’ conclu-
sions about non-space-charge related contributions is, there-
fore, doubtful.

Computational investigations provide, in theory, a superior
approach as they could generally differentiate between space-
charge and structural resistances. They could hence provide
data that cannot, at least at present, be obtained experimen-
tally. Molecular dynamics (MD) studies of ion transport in
polycrystalline Li-ion and Na-ion electrolytes suffer, however,
from monitoring the mean-square-displacements (MSD) of
ions."*? Consequently, the transport coefficient obtained is
the tracer diffusion coefficient D*. In order to convert D* into a
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conductivity o (with the Nernst-Einstein equation), one needs
for a dilute solution of charge carriers the tracer correlation
coefficient . For ion transport in a bulk phase, f* is a constant
of order unity that depends on the migration mechanism
(vacancy, interstitial, interstitialcy) and the symmetry of the
sublattice on which the ions are moving.** For ion transport at
a grain boundary, f* will necessarily differ from the bulk value,
as the grain boundary does not possess the same symmetry as
the bulk; and conceivably it may depend strongly on temper-
ature and take values orders of magnitude lower than unity.
The conversion from D* to o for grain boundaries is, therefore,
far from trivial, even for dilute solutions. The second problem
from which simulation studies suffer is that diffusivities are
resolved locally based on the MSDs of ions in a specific region
of the supercell.***" While a local resolution is in principle ideal
for accurately extracting the properties of a grain boundary, the
MSD analysis is restricted by the displacements being defined
relative to the starting positions of the ions (at the beginning of
the simulation). After a simulation run of several nanoseconds,
as performed in the reported studies,***" the ions that were
originally in the grain-boundary region of the supercell are very
likely to also have spent certain amounts of time in the bulk
regions of the supercell. Considering the derived resistivities to
be the resistivities solely of the grain boundaries is, therefore,
problematic. A procedure is thus lacking that permits the
intrinsic  structural resistivity of a grain boundary to be
extracted, free from contributions of the surrounding bulk
regions and without space-charge effects.

In this Communication, we propose a method to directly
determine the intrinsic structural resistance of a grain boundary
in an ionic conductor. Our approach is based on large-scale
classical MD simulations under applied electric fields. We obtain
the intrinsic resistance, as an excess quantity, as a function of
temperature for a symmetric tilt boundary, the Z5(310)[001]
grain boundary, in oxygen-deficient ceria. And having obtained
the intrinsic structural resistance, we compare it with the excess

dgv-gv = 35.1A

resistance arising from space-charge layers at this boundary.
The selected interface and material, it is emphasised, both offer
prototypic conditions: ceria (CeO,) is a model material for
fluorite-structured energy materials? for which oxide-ion
transport is well characterised and understood, both
computationally®=¥ and experimentally.57***¥ The X=5(310)
[001] grain boundary is a model grain boundary for several
reasons: it was experimentally shown to be one of the prevalent
boundaries in fluorite-structured oxides;® its structure has
been analysed experimentally;*” and its small repeat unit
makes it a good candidate for simulation studies.®'-*

The energy-optimised simulation cell with two anti-parallel
25(310)[001] grain boundaries is shown in Figure 1. The atom-
istic structure of the grain boundary is in good agreement with
previous experimental and computational studies. %6271
Characteristic excess quantities of the boundary, the excess
grain-boundary energy AE;,=2.85Jm™? and excess volume
AV,4,=0.90 A*A~2, also agree well with literature.

To obtain oxide-ion mobilities we introduced oxygen
vacancies into the simulation cell (site fraction of vacancies n,=
0.10%) and subjected the cell to electric fields along the x
direction of the simulation cell - perpendicular to the grain
boundary - by applying an additional force F=gE to each ion
(where g is the charge of the ion). For reference purposes, we
also calculated the bulk mobility as a function of field strength
in supercells of Ceyg00;5345, i-€. With the same site fraction of
oxygen vacancies but without grain boundaries.

In Figure 2 we plot the oxide-ion mobility obtained from
the MD simulations as a function of field strength for various
temperatures. For the single-crystal cell [Figure 2(a)l, u is
independent of E at small values of E but increases strongly at
large values. This behaviour is in good agreement with the
standard model of field-enhanced ion transport dating back to
Verwey,”® Mott and Gurney,” and Frenkel.”” Quantitatively,
however, this standard treatment overestimates the mobility
enhancement at high fields.”@ We previously suggested® a

structural repeat unit

Figure 1. Supercell containing two anti-parallel 5(310)[001] grain boundaries, one at the centre of the cell and one half at each side (indicated with blue

lines), as obtained from MD simulations in combination with rigid-body translations

2 and final energy optimisations, viewed along the [001] axis

(corresponding to the z direction of the simulation cell); the blue spheres denote cerium ions and the red spheres, oxide ions. In the closeup, the characteristic
structural unit is sketched (solid line) and alternating positions of two cerium ions are indicated in green and purple.
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Figure 2. Mobility of oxide ions u as a function of field strength E at T/K=1200 (blue data points), 1400 (red data points), and 1600 (black data points), a) for
the single-crystal supercell; b) for the supercell with two grain boundaries. The solid lines show the predictions of our previously proposed model®® assuming
an activation barrier of migration of AH,,;=0.64 eV in the bulk and AH,,;;=0.9 eV in the simulation cell with grain boundaries.

superior expression for u(ET), which, as one can see in
Figure 2(a), describes the simulation data extremely well. The
activation enthalpy of oxide-ion migration used to describe the
data is AH,,;;=0.64 eV.

In comparison, the data obtained for the bicrystal supercell
[Figure 2(b)] show complex behaviour with three apparent
regimes. At small E (<2 MVcm™), u is evidently independent of
field strength. The scatter seen in the data is caused by the
finite number of ion jumps occurring during the simulation
runs. lon drift requires ion jumps to take place, and as the jump
process is a biased stochastic process, the exact number of
jumps will show some natural variation. We can describe these
data using our standard expression® with AH,;,=0.9 eV; this
effectively assumes that the complex energy hypersurface at
the boundaries can be approximated by a single increased
activation barrier. Thus in the limit of low fields, the oxide-ion
mobility is lower and the effective migration barrier is higher
for the cell containing the grain boundaries. These boundaries
clearly constitute a resistance to the drift of oxide ions through
the cell.

At higher fields, E>2 MVcm™, there are two field-depend-
ent regimes: an intermediate-field regime extending up to ca.
10 MVcm™, and then a high-field regime. For the latter, u,
surprisingly, is higher for the bicrystal cell than for the bulk cell.
This complex behaviour could be caused by a simulation
artefact. Increased energy dissipation at the boundaries could,
for example, result in temperature gradients within the
simulation cell, an effect that would make itself particularly
evident at higher fields. Analysis of our simulations, however,
indicated constant temperatures across the cell. Alternatively,
the field could cause the boundary structure to change
substantially,” and in this way, affect the migration barrier(s),
but such substantial changes were not observed in our
simulations. If the origin of the high-field behaviour lies in the
system, then at higher fields the behaviour cannot be described
with a single, increased activation barrier. Hence, we tentatively
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ascribe the behaviour to the multiplicity of inequivalent jump
paths at the boundaries and corresponding activation barriers
in the boundary region.**’® Empirically we found [see Fig-
ure 2(b)] that the two high-field regimes can be described with
u « In E and with u « E**** respectively. These functional forms
do not provide any immediate clues, however, as to the
physical origins of the two regimes. A detailed examination of
this issue is left for future study.

The final issue we examine is whether the intrinsic structural
resistance needs to be taken into account when analysing
experimental data or whether it can be neglected. To this end,
we compare the intrinsic structural () resistance of this =5(310)
[001] boundary with the resistances that arise at this boundary
from space-charge layers (). In both cases, we consider the
resistance as an excess quantity, ARy, and we restrict the
considerations to the low-field regime.

Starting with the intrinsic structural case, we thus write the
total electrical resistance of the cell containing two grain
boundaries as the resistance of a hypothetical bulk supercell
with identical dimensions plus the two excess grain-boundary
resistances to account for the two grain boundaries in the
simulation cell, Rce,,:Rb—f—ZAR‘;b. Upon rearranging, normalising
to the bulk resistance, and linking resistances via conductivities
to mobilities, we obtain

Up

(i)

where u,, and u are the oxide-ion mobilities in the bulk and in
the simulation cell with grain boundaries, respectively. The
resistance ratio can thus be determined directly from the oxide-
ion mobility in the bulk cell and in the supercell with grain
boundaries (as long as the same material is investigated in the
bulk and grain-boundary cells with identical charge-carrier
concentrations, the model requires no material-specific input
and can thus be transferred directly to other materials). Using

AR‘S;b 1
Ry
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the analytical (low-field) descriptions® shown in Figure 2
(rather than the actual mobility data), we calculated AR‘gsb/Rb(T).
Such results, we emphasise, correspond to a bulk phase with
the length of the simulation supercell, /. The values for a
polycrystalline sample with a typical grain size of I, are a factor
leew/lye smaller, and in Figure 3 we plot R'Sb/Rb( ) calculated
for I,=1um and extrapolated to lower temperatures. The
temperature dependence of the resistance ratio is fairly weak,
with an effective activation energy of (0.9 eV-0.64 eV)=0.26 €V.

In considering AR;‘b', we restricted the space-charge treat-
ment to a dilute solution of oxygen vacancies, in order to make
the results comparable to those obtained above for ARigb As
specific charge-compensating defects we have taken acceptor-
type cations with a single negative effective charge. The bulk
electroneutrality condition is thus n,=4n,. The general thermo-
dynamic theory of space-charge formation®3°37778 was used
to calculate AR;ﬂ/Rb for the X5(310)[001] grain boundary in
ceria. According to the theory, space-charge formation is driven
by the non-zero Gibbs energies for point defects segregating
from the bulk phase to the grain-boundary core. Atomistic
calculations of this boundary®®*! indicate that there are N{=
1.26x 10 m~ sites with a segregation energy of —1.1 eV for
oxygen vacancies and N;=2.81x 10”7 m~ sites with a segrega-
tion energy of —0.4 eV for the acceptors.

As expected,®**7"7 the vacancy segregation energy is
strongly negative and thus will dominate the overall behaviour.
It forces (mobile) oxygen vacancies to segregate to the core
from the bulk, charging the core positive and creating depletion
space-charge zones. We consider three specific cases for the
behaviour of the acceptor-dopant cations in the space-charge
zones:" in the Mott-Schottky case, the dopant concentration is
constant throughout the system owing to the dopant cations
being immobile; in the Gouy-Chapman case, the cation dopants
are mobile, and - reacting to the potential profile set up by the
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Figure 3. Excess resistance of a 25(310)[001] grain boundary in acceptor-
doped CeO, relative to the bulk resistance (I;;=1 pum) as a function of
temperature: Space-charge resistances predicted for the Mott-Schottky case
(light grey), Gouy-Chapman case (dark grey), and restricted-equilibrium case
(black); the intrinsic structural resistance (red).

ChemeElectroChem 2020, 7, 1-7 www.chemelectrochem.org

These are not the final page numbers! 7'7'

vacancies’ redistribution — they develop equilibrium accumu-
lation profiles; in the restricted equilibrium case, the dopant
accumulation profile is frozen in from some critical temperature
(Tei) below which the dopant cations are insufficiently mobile
to achieve electrochemical equilibrium. In all three cases,
oxygen vacancies are mobile and achieve electrochemical
equilibrium. Finite-element-method (FEM) calculations were
used to obtain AR;ﬂ/Rb(T) considering, with good reason, that
only the oxygen vacancies contribute to the measured
resistances.””

The space-charge resistances shown in Figure 3 refer to the
following heating-cooling thought experiment performed on a
grain of length [, =1 um: We assume arbitrarily that the Mott-
Schottky case is valid from room temperature up to T,..=
1300 K, beyond which the acceptors are considered to be
sufficiently mobile that the Gouy-Chapman case results. On
cooling, the acceptor accumulation profile is frozen in below
T.i=1300 K (restricted equilibrium). Comparing the two sets of
data for this boundary, we find for a dilute solution of charge
carriers that the structural resistance is of the same order of
magnitude as, though lower than, the space-charge resistance
at T>1200 K. At lower temperatures, however, the structural
resistance becomes negligible.

Since our emphasis in this Communication has been on
presenting the method, we end by noting that the generality of
the results shown in Figure 3 remains to be clarified of course.

First, it needs to be determined if AR >>AR?, holds for the
majority of grain boundaries interacting with a dilute solution
of point defects at the temperatures of interest. The two excess
resistances will not necessarily vary in the same manner with
the grain-boundary’s degree of structural perturbation, since
different parameters are important in the two cases.

While AR;‘; is governed by the thermodynamic driving
energies, ARy will depend strongly on the modified kinetic
barriers. In this sense, it is worth noting that Tschoepe et al.
derived a segregation energy for oxygen vacancies for ceria
polycrystals of —2.2 eV, indicating a far stronger driving
energy than the one used here. Second, the extension to
concentrated solid solutions needs to be made. A framework
already exists to calculate AR;‘; taking into account defect-
defect interactions,”"* but the calculation of ARy, will be far
more complicated on account of the modified composition of
the grain boundaries.

In summary, we have proposed a new approach to
determine the structural resistance of a grain boundary,
separate from other effects, namely large-scale MD simulations.
We applied our approach to determine the excess structural
resistance of the X5(310)[001] tilt boundary in ceria as a
function of temperature. Three observations are of particular
interest.

First, at low fields, the oxide-ion mobility in the simulation
cell with grain boundaries is lower than in the bulk. The
mobility can be described with an effective migration barrier of
AH,;=0.9 eV, which is higher than the bulk value of 0.64 eV.
This illustrates the intrinsic structural resistance of the grain
boundary.
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Second, at large fields the behaviour can no longer be
accounted for by a single effective barrier. Current analytical
models will need to take into account the more complex energy
hypersurface at the boundary.

Third, at temperatures T>1200K, the intrinsic structural
resistance is comparable to the space-charge resistance calcu-
lated for typical acceptor scenarios. This challenges the premise
of most current space-charge studies - that the structural
resistance can be neglected under all conditions.

Computational Methods

The simulations were based on the Born model of ionic solids,®"

treating the ions as classical particles that interact through long-
range electrostatic interactions and parametrised Buckingham pair
potentials.®? This description has been successfully applied to
simulating CeO, in diverse cases”®®®% All simulations were
performed with the LAMMPS code.®® Optimisations were per-
formed at constant pressure p=0, while MD simulations were
performed for the isothermal isobaric ensemble NpT over simu-
lation times of 3 ns.

Using the gosam software,*” we generated an initial grain-

boundary supercell with 23,040 ions containing two anti-parallel
35(310)[001] grain boundaries. (This involved the rotation of two
fluorite-structured (Fm3m) ceria grains around the [001] axis by 6=
36.9°, so that their (310) planes coincided.) Subsequently, we
performed three-dimensional rigid-body translations of the two
grains,® and for all configurations we then carried out annealing at
high temperatures in MD simulations to obtain the lowest energy
grain-boundary structure.

The final supercell had dimensions of ca. 65.3 Ax68.7 Ax70.3 A;
the two anti-parallel boundaries are thus separated by a distance of

dyy-p=35.1 A (see Figure 1).

Oxygen vacancies were introduced into the supercell by removing
oxide ions at random. In order to compensate the charge of the
vacancies, we slightly decreased the charge of all cerium cations.
The site fraction of oxygen vacancies was set at n,=0.10%, i.e.
within the dilute regime.® In this way, vacancies are unlikely to site
block the migration of other vacancies and the change in the
charge of the cations is kept small (ca. 4x 1073 e). By changing the
charge of all the cations rather than substituting specific Ce cations
with trivalent dopant cations, we avoid introducing complexities
into the transport behaviour due to vacancy-dopant
interactions.**™*!

At temperatures 1200 < T/K< 1600 and field strengths 10~ <E/
MV cm™' < 10" we monitored < |x;| >, the mean displacement of
the oxide ions in the x direction (averaged over all oxide ions). The
system was equilibrated during a 50 ps run (at the end of which
the system’s energy only showed fluctuations around a certain
value), followed by a simulation run of 3 ns.< |x;| > was found to
show a linear increase with time t at each temperature. The drift
velocity of the oxide ions was determined from vy,=d < |x;| >/dt,
from which the ion mobility was then obtained as u=vE.
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COMMUNICATIONS

Interfacial forces: The resistance
arising from the perturbed crystal
structure at a grain boundary of an
inorganic oxide-ion conductor was
determined by means of classical
Molecular Dynamics simulations.
Comparisons are made between this
intrinsic structural resistance and re-
sistances stemming from depletion
space-charge layers.
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