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Abstract

The performance and stability of the mixed ionic and electronic conducting (MIEC) membrane
devices, such as solid oxide cells (SOCs) and oxygen separation membranes (OSMs) interplay
tightly with the transport properties and the three-dimensional (3D) microstructure of the
membrane. However, development of the MIEC devices is hindered by the limited knowledge
about the distribution of electrochemical fields within the 3D local microstructures, especially at
surface and interface. In this work, a generic model conforming to local thermodynamic
equilibrium is developed to calculate the electrochemical fields, such as electric potential and
oxygen chemical potential, within the 3D microstructure of the MIEC membrane. Stability of the
MIEC membrane is evaluated by the distribution of oxygen partial pressure. The cell-level
performance such as polarization resistance and voltage vs. current curve can be further
calculated. Case studies are performed to demonstrate the capability of the framework by using
X-ray computed tomography reconstructed 3D microstructures of a SOC and an OSM. The
calculation method demonstrates high computational efficiency for large size 3D tomographic
microstructures, and permits parallel calculation. The framework can serve as a powerful tool for
correlating the transport properties and the 3D microstructure to the performance and the

stability of MIEC devices.

Keywords: Mixed ionic and electronic conductors (MIEC); 3D microstructure; Fuel cells;
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1. Introduction

Mixed ionic and electronic conductors (MIECs) have been widely used as the functional
components of various electrochemical devices, such as solid oxide fuel cells (SOFCs) [1], solid
oxide electrolyzer cells (SOECs) [2], and oxygen separation membranes (OSMs) [3]. The
transport properties (e.g., ionic and electronic conductivities and surface exchange coefficients)
and the three-dimensional (3D) microstructure of MIECs in these devices play critical roles in
determining the performance and stability. The transport processes within the SOFCs, SOECs,
and OSMs membranes are essentially: 1) the transport of oxygen ions within the MIEC bulk, 2)
the transport of electrons within the MIEC bulk, 3) the surface exchange of oxygen molecules at
the MIEC surface, 4) the charge transfer of oxygen ions and electrons across the MIEC interface,
and 5) gas transport within the pores if any. Electrochemical fields such as oxygen
chemical/electrochemical potential, electrostatic/electric potential, ionic and electronic current
densities may vary significantly across micro/nano-scale features, such as surfaces and
interfaces. This is particularly obvious for many MIEC materials whose conductivity is
dominated by either oxygen ions or electrons, for example yttria-stabilized zirconia (YSZ),
gadolinia-doped ceria (GDC), Sr-doped LaMnO3 (LSM), etc. The electrochemical reaction for
these MIECs is constrained to the three-phase boundary (TPB) where the surface meets with the
interface. The reaction zone extends to the MIEC surface when the MIEC for example
(La,Sr)(Co,Fe)Os (LSCF) has pronounced conductivities of both oxygen ions and electrons [4].
For the rational design of these MIEC membranes, it is essential to understand how the transport
properties and 3D microstructures affect the performance. However, this is still challenging
because the pronounced interplay between MIEC properties and 3D microstructures is complex.

Many theoretical models have been developed to correlate MIEC properties and 3D



microstructures to the performance of MIEC devices, for instance the electrode polarization
resistance models based on porous electrode theory [5-7], and the multi-physics models based on
averaged microstructures [8-10]. However the validity of these models is limited by MIEC
properties and operation conditions. In addition, difficulties in eliminating the uncertainty of
averaged microstructure factors raise critical concerns about the prediction accuracy. Thus, the
microstructure - performance relationship is understood mostly in an empirical way. So far, it is
not clear about the degree to which the performance of SOFCs, SOECs, or OSMs can be further
enhanced by microstructure optimization. Compared with the continuum models based on
immeasurable parameters (chemical potentials of electrons and oxygen ions, and electrostatic
potential) [11, 12], a model based on measurable parameters (chemical potential of O, and
electric potential) is more useful from an experimental standpoint. Especially, the models solving
numerically the simple governing equations for the transport processes with the complex 3D
microstructures of the MIEC device could show a unique capability of studying the
electrochemical field distributions within the 3D local microstructures (e.g. surface and
interface) and correlating materials properties and 3D microstructures with performance in an

unambiguous manner.

The 3D imaging of microstructures by X-ray computed tomography (XCT) and focused
ion-beam (FIB) serial sectioning permits the calculation of the multi-physics with the
reconstructed 3D structures [13], and thus the accurate microstructure - performance
relationship. To this end, several attempts have been made on an electrode level. For instance the
Ni-YSZ electrode, the multi-physics including the transport of ions within YSZ, transport of
electrons within Ni, charge transfer at TPB, and gas diffusion within pores have been calculated

by finite volume method (FVM) [14], and lattice Boltzmann method [15, 16]. The MIEC air



electrodes such as LSCF [17-20] and LSM [21] have also been studied by incorporating
governing equations of ions transport and surface exchange into the 3D reconstruction
microstructures. However, all the above-mentioned models consider only one charge carrier,
while neglecting the others to calculate charge transport within each individual phase, especially
within the electrolyte. The thermodynamic analysis by Virkar suggests that the transport of both
electrons and oxygen ions should be considered, so that the formulation is in consistent with the
postulation of local thermodynamic equilibrium and the oxygen chemical potential within
MIECs concerning the stability can be calculated correctly [22, 23]. Combining with the
transport of electrons and ions within each phase, a complete formulation can be achieved by
choosing a proper description of the oxygen surface exchange on the surface of each phase. The
transport of ions and electrons as well as surface exchange has been characterized by well-
defined properties, such as ionic and electronic conductivities, and surface exchange coefficient.
Although the transport properties for many MIECs have been reported by a huge volume of
studies, such a complete formulation using electronic conductivity, ionic conductivity and
surface exchange coefficient of each phase of the MIEC device has never been used.
Idealizations beyond irreversible thermodynamics, such as purely ionic conduction of electrolyte,
uniform Fermi level (electrochemical potential of electrons) within predominantly electronic
conductors and equilibrium state of surface exchange are usually used to obtain mathematically
accessible solutions. These idealizations however challenge the postulations of steady-state
thermodynamics, such as the existence of local equilibrium and the thermodynamic equation of
motion. Thus, it is misty how the materials properties correlate to performance and stability.

Accordingly, the quantitative linkage between the materials properties, 3D microstructures and



performance is urgently needed in this regard. Actually, such a complete formulation is universal

to SOFCs, SOECs, and OSMs on a cell level.

In this study, we have developed a complete formulation based on linear non-equilibrium
thermodynamics for the transport of ions and electrons, and surface exchange within the 3D
microstructure of MIEC membrane. The calculation of the multi-physics within the 3D MIEC
microstructure is accomplished by home-built Matlab codes. The computational framework is
dedicated to calculating the distributions of experimentally measurable variables, including
electric potential and chemical potential of oxygen within the 3D microstructure. Post-processing
permits calculation of electronic/ionic current distributions, oxygen partial pressure distribution,
overpotential distributions, voltage vs. current curve, oxygen permeation flux, and area specific
resistance (ASR). The calculation is free from empirical/fitting parameters. All computational
inputs are based on well-studied properties which can be measured by well-established
experiments. In addition, the complexity of the 3D tomographic microstructure can be
substantial. For example, the membrane can contain many sub-phases and multi-layers, e.g.
(porous/composite) air/fuel, electrode/electrolyte half cells, (polycrystal/composite) electrolytes,
and single cells. We have also developed an effective strategy to improve the computational
efficiency. The algorithm can tackle ~40 million voxels on a 16 GB RAM personal computer,
while the reported domain size in the literature is 0.025 ~ 9 million voxels, sometimes with the
aid of a high performance computing cluster [14-21]. Demonstrative calculations on a cell level
are conducted using the simulated microstructures of patterned LSM/YSZ/LSM symmetric cell,
LSCF/YSZ/LSCF symmetric cell, the XCT reconstructed 3D microstructures of GDC-CFO

(CoFe204) OSM, and GDC-Ni/GDC/GDC-SSC (SmgsSro5Co03) SOFC/SOEC. Classic insight



is consolidated and new insight is provided into the correlation between local electrochemical

field distributions and cell-level performance and stability of the MIEC devices.

2. Irreversible Thermodynamics Formulation

Although the transport equations are not entirely new, their derivations are provided here in a
unified and comprehensive manner. Beginning with the Onsager equations, the transport
processes within MIEC could be modeled on a basis of non-equilibrium thermodynamics. The

features of this framework are summarized as follows:

1) The usage of experimentally measurable variables (oxygen chemical potential and electric
potential), instead of immeasurable variables (chemical potential of ions and electro-statistic

potential), so that the calculation can be easily understood in experimental perspectives.

2) The usage of local equilibrium (the cornerstone of steady-state thermodynamics) for transports
with MIEC bulk. That is, both the transports of oxygen ions and electrons within each individual
phase of the MIEC device are considered, so that the oxygen partial pressure within the MIEC
device (especially at the vicinity of interface) can be calculated correctly. Thus, this further
permits the evaluation of stability, such as the risk of oxidation/reduction of materials and the

risk of cracking of interface.

3) The usage of steady-state thermodynamics for the surface exchange of oxygen. This is crucial
to form a complete formulation by combining with the previous two features, making correct
calculation results and permitting the use of surface exchange coefficient by well-defined
experiments. In the literature, the oxygen surface exchange is usually assumed to be in
thermodynamic equilibrium or be formulized by Butler-Volmer type equations, which are

generally not valid since the surface exchange is sluggish and electroneutral.



2.1 Transport of charged components within solid state conductors

For general consideration, we first consider a solid state system consisting of mobile charged
components. When the system is at equilibrium, the electrochemical potential of each component
must be uniform throughout the entire system, and there is no net flux of species. When the
system is driven away from equilibrium, there will be a spatial variation of electrochemical
potentials and thus a net flux of species will occur. The transport at non-equilibrium can be
formulated by irreversible thermodynamics [24]. Depending on the extent to which the system is
away from equilibrium, irreversible thermodynamics can be classified into three regimes: 1)
linear non-equilibrium thermodynamics for system near equilibrium; 2) Nonlinear non-
equilibrium thermodynamics and 3) extended thermodynamics for system substantially away
from equilibrium. It is unfortunately a rather vague wording here for this classification. But
linear non-equilibrium thermodynamics may be qualified for the formulation of transport within
solid state systems, since many fundamental laws subjecting to this regime have shown
successful applications, for example, Fick's first law, Ohm's law, and Fourier's law. Linear non-
equilibrium thermodynamics postulates linear relations between each flux and all the

thermodynamic forces, given by the Onsager equations [25],
Ji = Z L X (D)
j

where J; is the flux of component i. X; is the thermodynamic force on component j. Ljj is the
Onsager coefficient, yielding to Li; = Lji. Allnatt derived a formula for the Onsager coefficients at
an atomic level, and suggested that Lj; (i # j) is zero if the moving i component does not interfere
with the moving j component [26]. In most practical applications of Eq. 1, the off-diagonal terms

Lij's (i #]) are, however, discarded. The measurement of Ljj's (i #]) is still challenging, especially



for solid state transport. Although no guarantee exists that Li's (i # j) are negligible, it is
fortunate to see the good agreement with experiments without considering the coupling of

thermodynamic forces. By discarding the off-diagonal terms, Eq. (1) is then simplified as,

J =LX. (2)

When the fluxes are driven by electric field and chemical potential gradients, the driving forces

can be given by [25],

X i = _V,[‘i (3)

where £ is the electrochemical potential of component i. The negative sign in Eq. (3) arises
because the force is in the opposite direction of the gradient of z . The electrochemical

potentials are defined as,

=t +2,F O (4)

where g is the chemical potential, zi is the number of charges on i, F is Faraday constant, and ®

is the electrostatic potential or Galvani potential. The diagonal Onsager coefficients are thus

defined as,

L =U,C; (5)

where C; is the volumetric concentration of component i, and Ui is the mobility of component i,

or the ratio of its particle's velocity to the thermodynamic force -V . In electrochemistry, it is

interesting to note that the mobility of a charged species is defined by the ratio of its velocity to
electric field —V® , and usually denoted by u; [27]. If the fluxes are driven by electric field in the

absence of chemical potential gradient, then, according to Egs. (3, 4), we can easily deduce,



U =
z,F

(6)

The assumption of the absence of chemical potential gradient, though useful in the derivation of

Eqg. (6), does not constrain the equation's validity when chemical potential gradient also exists.

Combining Egs. (2, 3, 5, 6), we obtain,

by —-Cy
F
The conductivity i is related to its mobility by,
o, = ;FuC,
Thus, Eg. (7) can be expressed as,
W=y A
According to Nernst-Einstein equation, we have,
o _@&F)C
D’ RT

(")

(8)

(9)

(10)

where D¢ is called a self-diffusion coefficient or charge diffusion coefficient. But D does not

correspond to any diffusion coefficient that can actually be measured by Fick's laws. In other

words, it is meaningless to directly use D in Fick's laws. However, Eq. (9) can be still rewritten

as,

) CPlys

(11)

10



Any one of Egs. (7, 9, 11) can be used to formulate the transport of charged particles within solid
state conductors. The mobility, conductivity and self-diffusion coefficient depend on many
factors, for example the type of lattice, the mechanism of migration, and the type of component
in the matrix. But the Onsager coefficients are independent of the gradient of electrochemical

potential.
2.2 Transport of 0% and e within MIEC bulk

The MIEC conductors in this study refer to these solid state conductors whose mobile charges
are both O% and e", with other charges virtually immobile. Examples for this material family
could be the fluorite structure electrolytes and the perovskite structure catalysts for use in
SOFCs, SOECs, and OSMs. Transport of O% can be accomplished by vacancy mechanism or
interstitial mechanism, while transport of e can be accomplished by migration of itinerant
electrons or polarons. According to Egs. (9, 11), the transport of O% and e~ within MIEC bulk

can be respectively given by,

O o - C-D& .
Joz =— 4;2 Vi, =- ORTO Vit (12)
o, . c.D_
J.=- X Vi =- T Vit (13)

Instead of using electrochemical potentials, we choose chemical potential of Oz, 4, and electric

potential, ¢ which are experimentally measurable as the independent variables of Egs. (12, 13).
In practice, the electric potential is exactly the potential measured by instruments such as a

voltmeter. The electric potential is related to the electrochemical potential of electrons through

11



the equation ¢ =—4 /F . This equation is known as Hebb notation [28], and widely used in the

literature [11, 12, 22, 23, 29]. Thus Eq. (13) can be rewritten as,

3 =%y, TSPy (14)
= F YT TR 7

In order to formulate the transport of oxygen ions without using immeasurable electrostatic
potential, we employ a fundamental postulation of non-equilibrium thermodynamics - the local
equilibrium [22, 23]. We consider the reaction 0% <=> 1/20; + 2e” within the bulk of materials
is at local equilibrium, thus we have a balance between the electrochemical potential of O and

the chemical potential of O, ( x4, , measurable) and electrochemical potential of e (-Fg,

measurable). Thatis, f , = % Ho, +2[i_. Thus, Eq. (12) can be rewritten as,

- _[1 C.D2 _[1
S == 35| G, =2 |~V | L, 2 | (15)

The self-diffusion coefficient of O% can also be given by the ratio between the 80 tracer
diffusion coefficient and Haven ratio [30]. Now the transports of oxygen ions and electrons have
been described by parameters that can be measured by experiments. In the operation of solid
oxide devices, such as SOFCs, SOECs, and OSMs, the chemical potential of Oz and the electric
potential are actually the most important variables that can be well controlled and guantitatively

imposed on the boundary of the MIEC conductor.

2.3 Heterogeneous reactions at interface

Considering a general reaction consisting of chemicals Q; (j = 1, ..., n) at the interface between

phase | and phase I, the stoichiometric equation is expressed by [31],

12



r kf n
ZJVJ’le?_ZlVJ"Qj (16)
j=

j=r+l

where r denotes the number of reactants, so that n - r is the number of products. vj is the
stoichiometric coefficient. ks and ky are respectively the forward and backward rate constants of
the reaction. The overall rate of the reaction may be given by the law of mass action,

r=k 120" -k [ ][, a7)

j=r+1

where [Qj] denotes the molar fraction or partial pressure of Q;. Eqg. (17) assumes that the order of
reaction with respect to each component equals to the absolute value of its stoichiometric
coefficient. This is true for elementary (single-step) reactions, and even valid for some multi-step

reactions. ki and ky can be given by transition state theory as [27],

AGT AGH
k. = Aexp| ——— [k, = Aexp| — —= 18
- "

where A is a constant. AG! or AG/ is the activation energy in going from the reactants or the

products to the activated complex (transition state). In a thermodynamically consistent

formulation, the activation energy can be given as [32],

AG! = AG — AG{; AG/ = AGY — AGY (19)
where,
AGY =Y|vi|(4 +RT Ina; +2;Fd) (20)
j=1

13



AGY = Z vi|() +RTIna; +z,Fo,) (21)

j=r+l

AGY = AGY +RT Ina, +aai\vj\szcpj +a, Z vi|z;Fo, (22)
j=1 ]

j=r+1

where 4 denotes the standard chemical potential, and a; denotes the activity coefficient. AG]
and a, are the standard free energy and activity coefficient of the activated complex. ¢, and o,
are the transfer coefficients, typically holding ¢, + o, =1. Combining Eq. (17) with Egs. (18-

22), the rate of the reaction can be expressed by,

AG +Zvj[¢j Zvj,[tj
r=Aexp| — R'Fl 1—exp leRT (23)

Therein, the stoichiometric coefficients are positive for products, and negative for reactants. It is

shown that the reaction rate is zero when the reaction is at thermodynamic equilibrium, that is

Zvj,&j = 0. When the reaction deviates only slightly from equilibrium, linearization of Eq. (23)
j=1

is feasible, given by,
Ry~ -~
r=——2=2 E N (24)

ex

where R, is the equilibrium exchange rate of the reaction, given by Aexp(— R'IES j According

to conservation of charge,

14



jzzl:vjzj: z vz + Z v,z; =0 (25)

jephase | jephase 11

Then we deduce,

ZV 2 FO, =F(d,-d,)D vz, (26)

jel

If the combination of species in phase I or 1l is not neutral, that is ZVJ.ZJ. #0, Eq. (23) will show
jel
Tafel-like behavior [4, 33], and R, well depends on the equilibrium electrostatic potentials of

species. If the combination of species in phase I or Il is neutral, the rate equation can be

expressed as,

AGg +RTInag + > v u, Vil
r=Aexp| — =~ = 1—exp leR—T (27)

Linearization of Eq. (27) near equilibrium gives,
9{ n
= ; H; (28)

R, IS now independent of the electrostatic potentials of species, given by

AG. +RT Ina,
RT

Aexp[— j In thermodynamics, —Zvjyj is defined as the affinity of the
j=1

reaction [31].

15
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Figure 1. Illustrations of surface exchange of oxygen at MIEC surface (a); charge transfer of
oxygen ion and electron at MIEC interface (b); coupling of surface exchange and charge transfer
at the vicinity of TPB (c); and mechanistic model of TPB with a certain thickness representing

the size of reaction domain (d).

2.4 Surface exchange and charge transfer at MIEC surface and interface

The surface exchange reaction of interest is oxygen reduction reaction (ORR) at MIEC
surface, 1/20,"°" + 2e'—0% as illustrated in Fig. 1a. As oxygen in the pore phase is neutral and
the change of charge in MIEC phase is zero, the rate equation for ORR can be given by Eq. (27).
While for the ORR near equilibrium, the rate equation of ORR, or the rate of O generation is

given by Eqg. (28), namely,

o = vz @
o~ RT o~ 02 e

In the MIEC phase just close to the MIEC/pore interface, the local equilibrium of reaction, 1/20;

+ 2e" = O% suggests Hor =11 24, —2p_ =0. Thus Eq. (29) can be expressed as,

16



o, (30

The equilibrium exchange rate R7™F can be further correlated to the surface exchange

coefficient by electric conductivity relaxation (ECR) method, k’ [34] or by 80 tracer diffusion
method, k* [35]. For the two methods, thermodynamic equilibrium has been reached for the

ORR reaction as the initial condition. During the ECR measurement, a new " is maintained,
but not far away from its initial value, and thus the 4, in MIEC changes gradually from the
initial value to the new x™* . The rate can be expressed by Eg. (30), which can be

mathematically rewritten as,

(o _ R OHo,  aIn[O7]
°"  2RT 0In[0*] 8[0%]

([0* T ~[0*]) =k’ (C3t ~Cyy ) (31)

where [0%]% denotes the equilibrium molar fraction of O> in MIEC lattice corresponding to the

new us:re . Thus,
Ro o =k°C_. 1y (32)

OU,
where y is so-called thermodynamic factor, defined by 1 022_
2RT oIn[O?]

. While in the 80 tracer

diffusion experiment, 0 is introduced into the pure O, atmosphere. Because ¥0, and O, are
chemically identical, the ORR reaction still maintains thermodynamic equilibrium. Thus, the net

flux of oxygen ion into the MIEC is zero,

ORR

Mogs =—Tor = QEO—T ( Hy =112 ,ug:re -2 ,ue) (33)

17



The equilibrium also indicates that 4. and the activity coefficient of O? are not changed. Thus,

a new equilibrium chemical potential of O, x&1 will build up in accordance to the new e

and the change in 4, is responsible to the change in C_, . That is,

ERORR . ERORR C .
ﬂ?gf = F\ST (,Uoz- - ,Uog- ) = F\?—TLRT In ng j (34)
o*
When C_. =C(;., Eq. (34) can be linearized as,
C_,-C%
rlggf _ EROORR ( % ] (35)
o*

Because the concentration of oxygen ion, C o+ TCuge is not changed, we have,

FORR _ gaORR (M] =k" (Ceq -C ) (36)
182 — VY0 C - 8o Bo*
0%
It leads to,

Another way to estimate RS is by AC impedance measurement. The ASR of ORR reaction on

a flat surface can be given by,

pore

H,, ~Ho, RT
—8F’ro  AFPR

ASRO™R = (38)

18



The charge transfer refers to the transfer of O* or e across MIEC interface. The rate
equation can be given by Eq. (23), and particularly given by Eq. (24) for near equilibrium. By

replacing the electrochemical potentials with measurable variables ( x4, and ¢), the rate

equations for charge transfer of O% and e from MIEC 1l to MIEC | (Fig. 1b) can be given

respectively by,
mCT,O 1
= [E(u& ~ o, )~ 2F (" —<o')} (39)
_FERCT,E
I‘e_CT = —RTO (gp” —¢') (40)

The equilibrium rate of charge transfer, RS" can be correlated to the charge transfer resistance,
ASR® that may be measurable by AC impedance under open circuit. For charge transfer of O%
near equilibrium, the electric potentials are not driven far from equilibrium values, ¢"® and @',

yielding %(yc')'z—ygz)—ZF((p":eq_(Dl,eq):o. If we postulate that the chemical potential of

electrons does not change during impedance measurement, that is ¢ - ® is constant, the

overpotential, 5 yields @' -p' = (9" - p"9) + 5. According to Eq. (39), we have,

cT _ n _ RT
AR =33 Fri AR5 (41

For charge transfer of e near equilibrium, we have ¢" - ¢' = 5, and thus,

ASRS" = = , (42)

19



In general, the charge transfer resistance is not detectable in the Nyquist plot of impedance
[5]. Although negligible, the charge transfer resistance may be quantified using high frequency
resolution method, such as distribution of relaxation time of impedance [36]. But it seems

rational to assume the charge transfer is facile under typical conditions.

The ORR reaction may interfere with charge transfer of O% and e". The coupling is strong
when they occur at the vicinity of the three phase boundary (TPB), where pore, MIEC | and
MIEC 11 connect with each other. As shown in Fig. 1c, the ORR reaction at pore/MIEC | surface
produces O first. Then O transports to the MIEC I/MIEC 1l interface within MIEC I. Finally,
O? transfers across the interface into MIEC Il. This is one possible path out of many
possibilities. The surface exchange couples tightly with the charge transfer process, when the
surface exchange and the charge transfer are constrained at the TPB. One example is the porous
LSM electrode on YSZ electrolyte, where LSM is predominantly electronic conductor and YSZ
is predominantly ionic conductor [6]. It should be noted that the concept of TPB by this
philosophy is not a line, but a region with a certain thickness, as shown in Fig. 1d. The thickness

of TPB represents the size of reaction zone. In general, the reaction zone tends to be smaller with

the increase of equilibrium rate of ORR, RS®® and with the decrease of ionic conductivity, O
or electronic conductivity, o [37]. Some mechanistic models simplified the kinetics of the

coupling of ORR and charge transfer as a Butler-Volmer rate expression normalized by TPB
length. Sometimes, the TPB is considered to have a bulk resistivity or resistance per length [6,
38]. Although simple, these models are essentially simplified versions of the coupling of surface
exchange and charge transfer process and even the bulk transport. Another phenomenological
model is the 'direct TPB reaction' [39]. That is, O in the pore combines with e” in MIEC | and

produces O% in MIEC IlI. This reaction occurs at the one-dimensional TPB line. The concept

20



‘direct TPB reaction’ may be first proposed by M.L. Liu, and several theoretical models by Liu's
group have been developed to separate the contributions of the direct TPB reaction and the
surface path [21, 39-41]. Recently, J. Laurencin et al developed an electrochemical model
considering the parallel connection of surface path and direct TPB reaction [42]. They concluded
that the contribution of direct TPB reaction could be significant depending on polarization and
electrode microstructure. However, this concept has not yet been accepted widely. For example,
S.B. Adler stated that “‘when one begins to consider the specific chemical, electrochemical, and
transport steps involved, one must abandon the idea of an ideal 1D geometric surface and
consider the specific phases, surfaces, and interfaces involved in these steps.” [4]. Overall,
evidence is essential to prove the existence of the direct TPB reaction. This is however still an
open question today. Since the surface exchange has been well characterized by well-defined
parameters, such as surface exchange coefficient and ASR, we just consider the surface

exchange while bypassing the one-dimensional TPB reaction as a beginning point.

2.5 Gas diffusion within the pores

In addition to the transport of O% and e~ within MIEC bulk (Egs. 14, 15) and surface exchange
and charge transfer at MIEC surface and interface (Egs. 30, 39, and 40), there exists diffusion of
gaseous species within pores. Under typical working conditions of MIEC devices, the gas
diffusion can be formulated by the Stefan-Maxwell equation, Knudsen equation, or Darcy
equation. For MIEC devices such as solid oxide fuel cells, the thickness of porous electrodes is
typically tens to hundreds of microns. When the current density is not very high, the gas
diffusion within pores may be facile because the concentration polarization is usually not

pronounced or even undetectable in the voltage vs. current curve [43].
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2.6 Overpotentials of electron transport, oxygen ions transport and oxygen surface exchange

Overpotential, usually denoted by # is one of the most fundamental parameters, thus, should be
clarified. In electrochemistry, the overpotential for example across a interface is defined by the
change in the electrostatic (Galvani) potential drop across the interface when the interface is
polarized away from equilibrium. Although, this definition is rigorous and clear, it encounters
challenges in interpreting experimental data, since the electrostatic potential is immeasurable. In
irreversible thermodynamics, the overpotential is the driving force that increases entropy,
therefore produces Joule heat [22, 24]. The production rate of Joule heat per unit volume, Q
[J/s/cm®] can be expressed as a product of absolute temperature, T and entropy production rate
per unit volume, . In this work, the Joule heat is converted from the processes of electron

transport, oxygen ion transport and oxygen surface exchange. Thus, we have,

pore

Q = TS = _ZJe'Vﬂe' - ZJOZ'V’&O2 Z ORR yoz luoz (43)
3 o*

ORR

Therein, J_, J. and g™ are the fluxes, and Vi, Vi, and —(uo, -u5*)/24 are the

conjugate forces, respectively. A represents the thickness of surface (or the side length of voxel in
the following content). Using electric potential and chemical potential of O, instead of

electrochemical potential of electrons and ions, Eq. 43 can be rewritten as,

pore

0= ZJ V(-Fg) ZJOZV(#OZ _2F J > o “02 ”02 (44)

ORR

The fluxes in Eq. 44 can be converted into current density by rearranging the Faraday constant.
Thus, we have,
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O=-Fi,V(p)- X, v o Lex |- 3o Koo (45)
e £io aF ) & 4Fa

Physically, the conjugate forces of current densities are the minus gradients of overpotentials.
That is,

Q= —Zie_Vne_ —;ioz,VnOZ_ —C%F; ing nng //1 (46)

Therefore, the overpotentials for electron transport, oxygen ions transport and oxygen surface
exchange can be given by,

n,. =p-, (47)
Ho, = Ho
My = (w—%)—% (48)
ORR /uO - :u(?)ore
e _ Ho, Mo, 49
o aF (49)

where ¢, and g denote respectively the electric potential and chemical potential of O, at the

reference coordinate. It is clear that the overpotentials are defined in 3D. It is also convenient to
show their profiles along the thickness direction of the cell (the z axis), with z = 0 as the

reference coordinate. On the cell level, »_ drives the electronic current in the internal and

external circuits. When the electronic transport overpotentials at electrode/current collector

interfaces are negligible, _ denotes the output voltage; 7. drives the ionic current in the

internal circuit. For SOFCs and SOECs, the chemical potentials of Oz within the two electrodes

just close to the current collector are (nearly) the same as those in the atmospheres. Thus, 7. is

(nearly) the same as the difference between the output voltage and the Nernst potential, which is

usually regarded as the overpotential of the cell; % drives the oxygen surface exchange and

OZ
only has physical significance on the materials surface. It is the core concept for correlating

oxygen surface exchange coefficient to AC impedance of a flat surface [4].
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3. Numerical Methodology

By assuming that the charge transfer and gas diffusion are facile, the full model is formalized by
Egs. (14, 15, and 30). The objective of this section is to develop a numerical methodology to
solve the coupling of Egs. (14, 15, and 30) within the three-dimensional (3D) microstructure of

MIEC devices, and eventually to obtain oxygen chemical potential, 4, and electric potential, ¢

within the 3D microstructure. The calculation begins with the discretization of the 3D
microstructure data. Typically, the 3D imaging techniques such as X-ray tomography and FIB
serial sectioning generate 3D grey-level matrix in which the value of each voxel correlates to the
local sample density and the side length of the voxel is approximately the spatial resolution.
Then, image segmentation based primarily on grayscale contrast is usually used to label each
voxel by an integer denoting a specific material phase. Thus, a 3D label matrix consisting of
integers is obtained. This work employs the label matrix as the discretization data of the 3D
microstructure. The label matrix is denoted by M. For convenience, the solid phases are denoted
by 1, 2, ..., N, with N being the number of solid phases. The pore phase if any is divided into
three classes. The physics fields are considered to be conducted along the thickness direction.
Thus, the voxel value of the pores only percolating to the top layer of M is denoted by -1; the
value of the pores only percolating to the bottom layer is -2; and the value of the isolated pores

neither percolating to the top layer nor to the bottom layer is 0. By doing this, the physical

roperties of each voxel, including o_,, o. and RS of solid phase voxels and x"™* of pore
0 e 0 ‘uo
2

phase voxels and boundary conditions can be assembled easily. Then, voxels are considered as

finite volume elements (FVEs). FVE method is used to calculate the averaged s, and ¢ of each

voxel by applying Egs. (14, 15, and 30) under boundary conditions. The coupling of differential
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equations is actually discretized into linear algebraic equations using 3D matrix formalism, and
solved by use of red-black ordering and successive over-relaxation [44] (refer to supporting
materials). The algorithm is realized by a home-built Matlab function, by which the algebraic
operations of 3D matrixes are quite convenient. The function inputs the label matrix of the 3D
MIEC microstructure, electronic and ionic conductivities and surface exchange coefficient of
oxygen for each sub-phase of the membrane (or qualities as a function of oxygen partial
pressure), atmospheres at both the top side and bottom side of the membrane (e.g. oxygen partial
pressure or oxygen chemical potential), electric potential applied on both the top side and bottom
side of the membrane, over-relaxation factor, and termination criterion value of the iteration. The
function outputs the 3D matrixes of oxygen chemical potential and electric potential, and their
maximum relative errors as a function of iteration steps. Other Matlab functions are developed
for the post-processing, including the calculations of ionic/electronic current density field,
oxygen partial pressure field, averaged ionic/electronic current density and overpotentials across
the thickness direction of MIEC membrane, area-specific resistance (ASR) of electrodes, oxygen

permeation flux, voltage vs. current curve, and the 3D visualization of the electrochemical fields.

4. Results and discussion

Demonstrative calculations are performed for the three cases: 1) the LSM/YSZ/LSM and
LSCF/YSZ/LSCF symmetric cells; 2) the GDC-GFO composite OSM membrane; and 3) the
GDC-Ni/GDC/GDC-SSC SOFC/SOEC. The transport properties of materials are given in table 1
[45-54]. The experimental data for cases 2) and 3) is from our previous publications [46, 55, 56],
where the experimental details are available. Considering the article length, the results and
discussion of cases 1) and 2) are given in the supporting materials, which show the capability of

resolving various MIEC systems with a broad range of transport properties operating under
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various conditions and the capability of tackling a huge domain size. Case study 3) is presented
in what follows. In addition to studying cell-level performance, emphasis will be given to
studying the local distributions of electrochemical fields within the MIEC microstructures, and

especially at the vicinity of surface and interface.

Figure 2. The three-dimensional microstructure of the GDC-Ni/GDC/GDC-SSC cell

reconstructed by X-ray computed tomography with a spatial resolution of 4.5 um.

The GDC-Ni/GDC/GDC-SSC cell with hierarchically porous electrode microstructure is
fabricated, in our previous study, by freeze-drying tape-casting method and demonstrates a
maximum power density of 0.65 W/cm? and long-term stability at 500 °C [46]. The high
performance is attributed to the unique microstructural features of the electrodes, which has been
reconstructed by a Micro-XCT400 instrument. Here, we calculate the distributions of the
electrochemical fields and the cell performance with the 3D tomographic data of the cell. Fig. 2
shows a sub-domain of the 3D cell microstructure. As shown, the straight sheet pores with width
of ~30 um penetrate the electrodes, thus promoting gas diffusion within the electrode. The
impedance analysis proves that the gas diffusion resistance is negligible compared to the

electrode ASR. In addition, there also exist sub-micron pores percolating the electrode skeleton
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that increases the TPB length and thus decreases the electrode ASR. However, the sub-micron
pores, and differentiation of the solid phases, were not captured by the XCT in this work due to
imaging with a voxel size of 4.5 um. Although the Micro-XCT400 instrument, by using a higher
magnification objective lens, can achieve better than 1 pum resolution, the somewhat coarser
voxel resolution of 4.5 um was utilized in this study to focus on the skeleton and sheet pores of
electrodes and the GDC electrolyte. In addition, use of this lower level of magnification also
permits a larger field of view, enabling reconstruction of a very large domain of the cell. This is
important for robust calculation. The calculation is conducted for the cell operating at 500 °C.
The transport properties of the composite electrodes are estimated by the properties of the
individual components and the electrode ASR (Eg. 38). The oxygen partial pressure dependence
of the electronic conductivity of GDC electrolyte is considered. Atmospheres of GDC-Ni fuel

electrode and GDC-SSC air electrode are 3 vol.% H>0O - 97 vol.% H. and air, respectively.

—— Experiment
—@— Calculation

Voltage, V

T T T T T |0.0 T
6 5 4 3 2 -1 1 2
Current density, Alcm” |

-0.54

Figure 3. Calculation results of the cell voltage vs. cell output current density of the GDC-

Ni/GDC/GDC-SSC button cell operated at 500 °C with the validation of experimental data.
Atmospheres of GDC-Ni fuel electrode and GDC-SSC air electrode are 3 vol.% H,O - 97 vol.%

H> and air, respectively.
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Fig. 3 shows the calculated voltage vs. current (V-I) curve of the cell and the experimental
data. Depending on the voltage applied on the cell, the cell can operate in the SOFC mode
(quadrant one of the V-I curve), the SOEC mode (quadrant two), or the driven-SOFC mode
(quadrant four). In the SOFC mode, the imperfect fitting may be derived from the oxygen
pressure dependence of the surface exchange coefficient, which is at this time not accessible and
thus not considered by the calculation. The surface exchange coefficients here are the ones under
open circuit condition. The surface exchange coefficients may increase by SOFC polarization,
due to electrochemical activation. This could lead to a better fitting of the V-I curve. Indeed, a
perfect fitting could be shown by tailoring the oxygen surface exchange coefficient for different
output currents. But it is redundant without experimental study for the oxygen pressure
dependence of the surface exchange coefficient. To our knowledge, little work on this topic is
available in the literature. This is a new, growing and potentially important area of research in
the field of fuel cells. Instead of showing a perfect fitting between the simulated V-I curve and
the experimental V-1 curve, we expect to explain some general yet important phenomenons that
have not been clarified well by theoretical models, for instance the range of oxygen partial
pressure distribution within the MIEC device and the stability of materials and interfaces under
various polarization modes. When the cell shifts from the driven-SOFC mode to the SOFC mode
and to the SOEC mode, the V-I response shows nonlinearity. This is attributed to the nonlinear
relationship between the electronic conductivity of GDC and the oxygen partial pressure. The
nonlinearity in the V-1 curve is usually observed in the solid oxide cells based on doped ceria
electrolyte [57, 58]. In what follows, we choose the three working points at voltages of 1.5 V, 0.5
V, and -0.5 V, which correspond respectively to the SOEC mode, SOFC mode, and driven-

SOFC mode for discussion of the electrochemical fields within the cell. Fig. S16 shows the
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convergence curves of relative errors for the three cases. The computational errors of electronic
and ionic current densities are converged to sufficiently small levels compared to the current

densities (Fig. S17), showing the calculation is well converged.

z, um
z, um

Figure 4. Electric potential distribution within the GDC-Ni/GDC/GDC-SSC button cell operated
at 500 °C under cell voltage of 1.5 V (a), 0.5 V (b), and -0.5 V (c). Atmospheres of GDC-Ni
anode and GDC-SSC cathode are 3 vol.% H20 - 97 vol.% H: and air, respectively. Assembly of

the cell is GDC-Ni anode/GDC electrolyte/GDC-SSC cathode along positive direction of Z axis.
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Figure 5. Averaged current densities of O (red curve) and e (blue curve) and their summation
(black curve) along Z axis direction of the GDC-Ni/GDC/GDC-SSC button cell. (a, b, and c)
shows respectively the calculation results at cell voltages of 1.5 V, 0.5 V, and -0.5 V. The
operation temperature is 500 °C. Atmospheres of GDC-Ni fuel electrode and GDC-SSC air

electrode are 3 vol.% H20 - 97 vol.% H. and air, respectively.

Fig. 4 shows the electric potential distribution within the cell. It is interesting to note that in
the SOEC and the driven-SOFC mode, the electric potential within the cell is bounded by the
values applied to the electrode boundaries. However in the SOFC mode, the electric potential
within the cell lies out of the bounds of cell voltage. A rational interpretation for this
phenomenon may be that the cell generates electricity power in the SOFC mode, but consumes

electricity power in the SOEC mode and the driven-SOFC mode.
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Figure 6. The distributions of oxygen chemical potential, logarithm of oxygen partial pressure
(Logi0Po2), overpotentials of ionic transport, electronic transport and oxygen surface exchange
along the thickness direction (the Z-axis) of the GDC-Ni/GDC/GDC-SSC cell, under cell voltage
of 1.5 V (red curve), 0.5 V (olive curve), and -0.5 V (black curve). The scatters represent the

values in GDC electrolyte.

Fig. 5 shows the averaged ionic and electronic current densities across the cell for the
SOEC, SOFC, and driven-SOFC modes. It is shown that, in the SOEC mode, both the electronic
and ionic currents are negative. In other words, oxygen ions and electrons flow from the GDC-Ni
electrode bottom surface (low oxygen partial pressure side) to the GDC-SSC electrode top
surface (high oxygen partial pressure side). This is also shown by the monotonic increasing of
the overpotentials of electronic and ionic transports from the GDC-Ni electrode bottom surface
to the GDC-SSC electrode top surface (Fig. 6b and c). In the GDC-SSC electrode side, the high

voltage reverses the direction of the ORR reaction, so that the external circuit captures the
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electrons released by the reversed ORR reaction, as well as the electrons in the GDC-Ni fuel

electrode via transport through the GDC electrolyte. In the SOFC mode, the ionic current is

positive. But the electronic current changes signs at somewhere in the electrodes close to the

electrolyte, indicating that the electrons consumed by ORR reaction at the GDC-SSC air

electrode come from the GDC-Ni fuel electrode via the external circuit as well as the GDC

electrolyte (the short-circuit current). This is also shown by the profile of electronic transport

overpotential along the thickness direction (Fig. 6¢). In the driven-SOFC mode, both the ionic

and electronic currents are positive. That is, oxygen transports from the high oxygen partial

pressure side to the low oxygen partial pressure side, but the electrons flowing into the GDC-

SSC air electrode via external circuit exceed the demand of the ORR reaction, with the surplus

electrons flowing to the GDC-Ni fuel electrode via GDC electrolyte.
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Figure 7. The spatial distributions of the logarithm of oxygen partial pressure (Logi0Po2) within
the GDC-Ni/GDC/GDC-SSC button cell at cell voltage of 1.5V (a, b, ¢), 0.5V (d, ¢, f), and -0.5
V (g, h, ). (a, d, g) show the GDC-SSC air electrode, (b, e, h) show the GDC electrolyte, and (c,
f, 1) show the GDC-Ni fuel electrode. The operation temperature is 500 °C. Atmospheres of
GDC-Ni fuel electrode and GDC-SSC air electrode are 3 vol.% H20 - 97 vol.% H: and air,

respectively.

Fig. 7 shows the distribution of oxygen partial pressure within the cell in the SOEC, SOFC,
and driven-SOFC modes. The distributions are visualized separately in the GDC-SSC electrode,
GDC electrolyte, and GDC-Ni electrode, to check the status of electrode/electrolyte interface. It
is shown that, the oxygen pressure lies out of the bounds of 0.21 atm at the GDC-SSC electrode
atmosphere and 1.86x107! atm at the GDC-Ni electrode atmosphere. In the bulk of GDC-SSC
electrode far away from the electrode/electrolyte interface (Fig. 7a), the oxygen pressure
approaches to 0.21 atm in the atmosphere. However the high oxygen pressure in range of 10 ~
100 atm is built up within a 10 um thick region of the GDC-SSC electrode close to the
electrode/electrolyte interface. This is a strong indicator that the GDC-SSC electrode may
delaminate from the GDC electrolyte. While in the GDC electrolyte (Fig. 7b), the oxygen
pressure lies in the range between 101 atm and 10" atm, out of the bounds by the atmospheres.
Thus, the reduction of GDC electrolyte close to the GDC-Ni electrode may occur. The reason
that high oxygen pressure has not built up in the electrolyte may be due to the electronic
conduction of the GDC material. In the GDC-Ni electrode (Fig. 7c), the low oxygen pressure of
5.12x103* atm is built up close to the electrode/electrolyte interface, elsewhere approaches to
1.86x10% atm in the atmosphere. It is noted that the thermodynamic analysis by Virkar

postulates that the oxygen pressure in the electrode is the same as the value in the atmosphere
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[23]. The present analysis demonstrates that the high/low oxygen pressure can build up in the
air/fuel electrode. Some experimental observations verify this conclusion. For example, the LSM
air electrode delaminates from the YSZ electrolyte caused by the localized disintegration of the
LSM grains close to the electrode/electrolyte interface, and the disintegration of LSM occurs
initially at the central of the TPB rings [59], where the oxygen pressure is higher compared to the
TPB regions, as shown in Fig. 7a. In the SOFC mode (Fig. 7d-f), oxygen pressure within the cell
is bounded by the values at atmospheres. The gradients of oxygen pressure within the electrode
are limited to the electrode/electrolyte interfaces, showing the electrochemical active regions. In
this mode, the components of the cell function safely in the specific atmospheres. In the driven-
SOFC mode (Fig. 7g-i), oxygen pressure within the cell is also bounded by the values at
atmospheres. This result is however, contrary to the results that high oxygen pressure can
develop at the air electrode/electrolyte interface in the driven-SOFC mode, and thus may result
in delamination [60]. But the failure of the cell may be caused by the reduction of the air
electrode or the oxidation of the fuel electrode in the driven-SOFC mode. As shown in Fig. 7g,
the low oxygen pressure of 102 ~ 10" atm is built up in the GDC-SSC electrode close to the
electrode/electrolyte interface (Fig. 7g), indicating a risk of reduction of SSC material. While in
the GDC-Ni electrode as shown in Fig. 7i, a maximum oxygen pressure of 5.8x107° atm is
developed, indicating a risk of oxidation of Ni. The same results are shown by the distributions
of oxygen partial pressure along the thickness direction (Fig. 6a). The predictions for the failure
modes driven by electrode potential are all in agreement with the reported observations [61]. The
present framework provides new insights into the stability of the MIEC devices under the various

working modes from a thermodynamic perspective.
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Fig. 8 shows the linear profiles of oxygen pressure in the GDC-SSC electrode, GDC
electrolyte, and GDC-Ni electrode just at the electrode/electrolyte interface, showing that the
oxygen pressure is bounded by the values at atmospheres in the SOFC mode and driven-SOFC
mode, but exceeds the bounds at atmospheres in the SOEC mode. In addition, it is interesting to
note that, independent of the operation mode, the oxygen pressure in the GDC electrolyte just at
the electrolyte surface exposing to the air electrode (GDC-SSC electrode) is always lower than
the oxygen pressure in the atmosphere (0.21 atm). In other words, the GDC electrolyte surface
exposing to the air electrode always operates in the fuel cell mode. This is validated by the
corresponding profiles of ionic current density along direction z in the GDC electrolyte just at the
electrolyte/air electrode interface (Fig. 8), and the distribution of overpotential of oxygen surface
exchange along the thickness direction (Fig. 6d). It is shown that the direction of ionic current at
the GDC-SSC electrode/GDC electrolyte interface depends on the operation mode, but the ionic
current density at the GDC electrolyte surface is always positive, that is oxygen ions incorporates
into the GDC electrolyte via the ORR reaction. This phenomenon may be due to the electronic
conduction of the GDC electrolyte. While for the YSZ electrolyte, whose electronic conductivity
is relatively low, the YSZ electrolyte surface operates in the SOEC mode when the cell operates

in the SOEC mode (Fig. S6).

Overall, the performance and stability of the GDC-Ni/GDC/GDC-SSC cell in various
operation modes can be analyzed by the present framework in a great detail. The electrochemical
fields such as electric potential, oxygen partial pressure, ionic and electronic current densities
within the 3D cell microstructure, especially near the regions at electrode/electrolyte interface

demonstrate critical roles in determining the cell performance and stability.
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Figure 8. The profiles of the logarithm of oxygen partial pressure (LogioPo2) within the
electrolyte (black curves) and electrodes (red curves) just at electrolyte/electrode interface, and
the ionic current along positive direction of z axis (io2-z) within the electrolyte just at the
electrolyte/GDC-SSC electrode interface, when the GDC-Ni/GDC/GDC-SSC button cell
operates at SOEC, SOFC, and driven SOFC modes. For the profiles of LogioPo?, the light/heavy

red curve denotes the profile within the GDC-SSC/GDC-Ni electrode. The light/heavy blue
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curve denotes the profile within the GDC electrolyte adjacent to the GDC-SSC/GDC-Ni

electrode.

5. Conclusions

The steady-state thermodynamics framework conforming to local equilibrium postulation is
capable of correlating the fundamental properties of MIEC materials (ionic and electronic
conductivity and surface exchange coefficient) and the 3D microstructure of the MIEC
membrane device to its performance and stability. Case studies for the LSM/YSZ/LSM and
LSCF/YSZ/LSCF symmetric cells, GDC-CFO OXM membrane, and GDC-Ni/GDC/GDC-SSC
SOFC/SOEC verify the calculation results, consolidate classic understanding and provide new
insight into the correlation between local electrochemical field distributions and performance and
stability of the MIEC membranes. The present framework is capable of considering the
dependence of the transport properties on the oxygen partial pressure, and capable of adding
charge transfer across interface and gas diffusion within pores. The calculation of defect
concentration is straightforward by considering the defect chemistry of the MIECs. Based on this
framework, it is feasible to design advanced microstructures of the MIEC devices with enhanced

performance and stability by using topology optimization, which is in progress.
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