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Supplementary Methods

Construction of the thermodynamic database of the ZrQ:-CeO2-SrO system: The current
thermodynamic database of ZrO,-CeO»-SrO is constructed by a careful evaluation of previous
CALPHAD modeling . A systematic thermodynamic assessment of the ZrO,-CeO; system was
conducted by Du et al. ' considering all existing experimental data, where the phase relation can
be well described by using the ionic sublattice model. Attention should be drawn to the
thermodynamic modeling of ZrO> with a cubic crystal structure, which is unstable without doping
e.g. Y20; as yttria stabilized zirconia (YSZ). In order to describe this cubic ZrO; phase in the
current modeling, the thermodynamic parameters for a sublattice model (Ce**,Zr*")i(0%),
presented by Du et al. ! is adopted. This treatment results in a miscibility gap between cubic-ZrO>
and cubic-CeO2, as shown in Supplementary Figure la. The here adopted thermodynamic
parameters have been utilized to satisfactorily reproduce the experimentally measured
interdiffusion profile between CGO and YSZ, as reported in our previous work * The
thermodynamic parameters of SrO, with an ionic model in the formula of (Sr?*)2(Va2,0%),, were
taken from Risold et al. 2, who evaluated the experimentally determined information on SrO, such
as melting temperature, heat capacity, enthalpy of formation and Gibbs energy of formation. In the
current thermodynamic database, the parameters related to Va? in the second sublattice of
(Sr*h)z(Va?, 0%), is excluded, since these parameters were originally applied by the authors to
keep a consistent treatment with the liquid phase (irrelevant to the current modeling) in the Sr-O
system. The perovskite phase StZrOs; (SZO) was thermodynamically assessed by Gong et al. >
based on experimental information using the CALPHAD approach. Their parameters can well

describe the phase transformation of SZO and reproduce the available thermodynamic properties.
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These parameters are recently applied by Gong et al. > for the construction of the complete SrO-
710, phase diagram. So, the above parameters are selected to construct the current database, as
shown in Supplementary Table 1, with the aim of obtaining a reasonable phase relation while
offering precise thermodynamic driving force for simulating the phase transformation.
Supplementary Figure 1b gives the isothermal section of the ZrO;-CeO>-SrO system at 1523 K
computed using the current thermodynamic database. The experimentally observed formation of
interdiffusion zone (IDZ) can be reproduced owing to the solid solubilities located on both of the
ZrOz-rich and CeOz-rich ends, and the miscibility gap region assures the existence of interface
between ZrO> (YSZ) and CeO> (CGO). As more Sr accumulated at this interface at high
temperature, the SZO particles start to form as the total amount of Sr increases following a possible

dashed arrow line in the Gibbs triangle of the ZrOz-CeO2-SrO system.

Modeling of the diffusion coefficients: According to the absolute-reaction rate theory, the atomic
mobility of element k, M, may be described by a frequency factor My and an activation enthalpy

Quas ©,

RT In M} —Qk, 1 g
1 1
rr P ) 2 @)

M, = exp(
where R is the gas constant and T is the absolute temperature. ™92 is a factor taking into account
a ferromagnetic contribution to the diffusion coefficient. In the spirit of CALPHAD approach, the

composition dependency of item @, (@, represents RT In M{ — Q,) can be represented with the

Redlich-Kister polynomial ’:
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where x; is the mole fraction of species i, @} is the value of &5 for pure i and thus represents the
value of one endpoint in the composition space. rcbé'j and S¢,§'j‘k are binary and ternary
interaction parameters, respectively. Each individual ®parameter, i.e., 5, rqb;‘j or S(D,;'j’k, may
be expressed as a polynomial in temperature and pressure if necessary. The parameter v;; . is
given by

(1 —x; —x; — xi)
Vi = X g —— ®3)

where Xi, Xj, Xk and xs are mole fractions of elements i, j, k and s, respectively. The interdiffusion
coefficients with n as the dependent species are correlated to the atomic mobilities by ©

o
DY, = Z(&k—xk) xi- - (G Hy @

d0x; 0Oxy

where &;; is the Kronecker delta (6;,=1, if i = k, otherwised;;,=0) and y; is the chemical potential
of element i. Assuming the monovacancy atomic exchange mechanism, the tracer diffusivity D;
relates to the atomic mobility via the Einstein relation:
D; = RTM; ()

The above deals with bulk diffusion, whereas in polycrystalline materials the grain
boundary diffusion plays also an important role. Nowadays, the contribution of grain boundary
diffusion has been considered in DICTRA 8%, The grain boundary diffusion is correlated to the
bulk diffusion by using the same frequency factor, but a modified bulk activation energy, as

specified by the equation below *:
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ME> = Mg" - exp(Fgg - Q°"'/R/T) (6)
where M9%is the mobility in the grain boundary, MZ“*and Q*“*are the frequency factor and
activation energy in the bulk, respectively, and F;zis the activation energy multiplier. The total
mobility including both bulk and grain boundary diffusion is then formulated as:

M™%l = §/d - M& + (1 —&/d) - MPUIK (7
where §, d, and MP“¥*are the grain boundary thickness, the grain size as a function of time and
temperature, and the mobility in the bulk, respectively. F;g, 6, and d are the input parameters for
the grain boundary model in DICTRA. For the terminology of these functions, the readers are

referred to the paper by Andersson and Agren ©.

Construction of atomic mobility database for the ZrO:-CeO2-SrO system: Part of the work on
the ZrO»-CeO» system has been reported in our previous work #, with a short summary provided
here. The atomic mobility functions, i.e. @, of Ce, Zr and Sr in the current ZrO,-CeO»-SrO system
were developed via evaluating experimental data using DICTRA. Kilo et al. 2 experimentally
determined the %Zr tracer diffusion in (ZrixYx)Oz-«2 Single crystals with 0.15 < x < 0.48. They
also presented a critical review on the published tracer diffusion coefficients of Zr in YSZ from
literature 12716, where the linear dependence of the zirconium tracer diffusion on the yttria content
has been detected within a fairly wide range of stabilizer concentration. In the present work, we
use the results of Kilo et al. 1213 with a stabilizer concentration of 10.2 mol% Y203 to assess the
mobility parameter for Zr, considering the similar materials selection to the practical experiments
used for current numerical modelling. Bekale et al. 1’ determined impurity diffusion of Ce and Gd
in single- and poly-crystalline 8YSZ and 10YSZ by analyzing the penetration profiles of a thin

film of deposited Ce using secondary ion mass spectrometry (SIMS). The results exhibit a grain
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boundary diffusion coefficient higher (about five orders of magnitude) than the bulk diffusion
coefficient. The current mobility function of Ce in ZrO» was evaluated based on the experimental
data obtained for 8YSZ 7. Beschnitt et al. 18 examined the bulk diffusion of Zr in CGO polycrystals
by means of Time-of-Flight SIMS, but failed to detect the grain-boundary diffusion since the CeO>
samples were unintentionally doped with Zr through ball-milling the powder with zirconia balls.
As for the diffusion of Sr in CGO, Mandt et al. *° presented an investigation on the Sr?* diffusion
along CGO grain boundaries between 600 and 1000 °C, and compared the results with the reported
bulk diffusion data collected from previous literature 2°-%3, So far, no investigation has been done
on the diffusion of Ce in CGO and Sr in YSZ. Considering that both CeO; and ZrO; have the same
crystal structure of cubic fluorite and are miscible at high temperature, we hence assume that the
mobility functions of Ce in CGO and Sr in YSZ are the same as those of Ce in YSZ and Srin CGO,
respectively. We further neglect the influence of Y and Gd, i.e. treat CGO and YSZ as cubic CeO>
and cubic ZrO, respectively. Supplementary Figures 2a-2d present the calculated tracer diffusion
coefficients (bulk and grain boundary) of Zr, Ce and Sr as a function of inversed temperature,
compared with the experimental data from literature **-23, The calculated bulk and grain boundary
diffusion coefficients reproduce the experimental results reasonably well, and the mobility
functions of Ce, Zr and Sr in the cubic phase obtained from the current work are listed in

Supplementary Table 1.
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Supplementary Figures
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Supplementary Figure 1: The (a) ZrO,-CeO; metastable phase diagram and (b) ZrO,-CeO,-SrO

isothermal section (metastable) at 1523 K calculated based on current thermodynamic database.
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Supplementary Tables

Supplementary Table 1. The assessed atomic mobility function @, in bulk and activation energy
multiplier Fgg of the current ZrO,-Ce0-SrO system based on previous experimental data 23,

The major elements in the sublattice model are underlined.

Diffusion component Function of @, in bulk Fgp

Zr*' in YSZ (DZ(Sff.ﬂ)l(oz-)z — 434200 — 103.13T 0.66
Cce*inYSz (pc(gf,ﬂ)l(oz-)z — 516000 — 65.05T 0.78
Sr**in YSZ (pércze:tﬂ)l(oz-)z — 601476 — 39.30T 0.78
Zr**in CGO d,z(ff;,Zr“)l(oz-)z — _c£18350 — 57.61T 0.72
Ce* in CGO qbc(;:‘c:;zﬁ“)l(02-)2 — 516000 — 65.05T 0.78
Sr?* in CGO ¢S(rc:;.2r4+>1(02-)2 — 601476 — 39.30T 0.78
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