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a b s t r a c t

A hydrogen-powered solid oxide fuel cell (SOFC), with a Pt cathode and a Ni anode, is modeled with
a kinetic Monte Carlo (KMC) simulation technique. A series of reversible elementary steps are adopted
from experiments and theories for simulating the oxygen reduction reaction near the cathode–electrolyte
interface and the hydrogen-oxidation mechanism near the anode–electrolyte interface. By studying the
change in the ionic current density, the sensitivity of the kinetic parameters is analyzed, and the influence
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of various operating conditions and different material properties are also explored. The results show
that the dominant elementary process is the oxygen incorporation into the yttria-stabilized zirconia
(YSZ) electrolyte at the cathode. Increasing the applied bias voltage, operating temperature, and relative
permittivity of the YSZ, but reducing the thickness of the YSZ enhance the ionic current density and
improve the efficiency of the SOFC.
athode reaction
node reaction

. Introduction

During the past few decades, solid oxide fuel cells (SOFCs)
ave attracted increasing interest due to their potential for
ighly efficient energy conversion, fuel flexibility, and low pol-

utant emissions [1–3]. Many of the current experimental efforts
re focused on improving the operational durability, reducing
uel consumption (i.e., by modifying the chemical composition
f the electrode or electrolyte, or by introducing catalytically
ctive intermediate layers) [3–7]. However, in experiments it
an be difficult to directly identify the influence of individ-
al electrochemical reactions and mechanisms occurring within
hese systems; and without this insight, it can be difficult to
mprove the performance characteristics of SOFCs in a well-defined

ay.
Recently, in order to complement the on-going experimen-

al progress, various theoretical models, including first-principles
pproaches and continuum-level theories, have been actively
eveloped. These investigations have contributed toward our

nderstanding of the detailed physical and electrochemical pro-
esses in operating SOFCs, especially at the interfacial boundaries
f the electrode and the electrolyte [8–12]. For example, ab
nitio density functional theory (DFT) calculations were pre-
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formed to study the detailed mechanisms of typical fuel (e.g.,
H2 and CH4) adsorption and oxidation on the yttria-stabilized
zirconia (YSZ) surface [13]. The results validated the possibility
of the direct oxidation of the fuel without a metallic catalyst
on the oxygen-enriched YSZ surface, which is in good agree-
ment with the experimental observations. More recently, DFT
calculations have been used to investigate these reactions at
the Ni/YSZ/fuel three-phase boundary, with a focus on the fun-
damental interfacial electrochemistry [14]. Unfortunately, these
high-accuracy electronic structure calculations are typically lim-
ited to investigations of individual events and small models.
Thus, this approach is reasonable for systems with highly local-
ized interactions or highly symmetric geometries [13–16]. On
the other hand, several molecular-level and continuum-level
methods (such as molecular dynamics simulations, state-space
modeling) have been developed in order to model the fluid
dynamics, heat balance, and transport phenomena in SOFCs. The
previous contributions in the literature have paid more atten-
tion to the electrochemical potential balance, the macroscopic
current–voltage (I–V) relationships, and the continuum-level rate
equations of the chemical reactions, but usually neglect the atomic-
scale features of the systems [17–20]. Thus, although current

theoretical efforts have provided guidance with respect to select-
ing optimal operating conditions, it is still necessary to develop
an atomistic model. It is important that such a model retains
enough computational accuracy to deal with the complicated
interactions and multiple chemical processes occurring at the elec-

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:hturner@eng.ua.edu
dx.doi.org/10.1016/j.jpowsour.2009.12.130
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9 mol% YSZ was modeled as a supercell, with a (1 0 0) surface in
the z direction and with periodic boundary conditions in the x and
y directions. The structure is shown in Fig. 1, which corresponds to
a perfect cubic fluorite structure (i.e., a Fm3m crystal with a fixed
lattice parameter (a) of 5.14 Å [27]). Throughout the simulation,
178 X. Wang et al. / Journal of Pow

rode/electrolyte interfaces, but with a reasonable computational
ost.

While there have been modeling analyses ranging from
rst-principles approaches to macroscale-level models, a single
heoretical framework, spanning multiple length scales, is still
eeded. One possible solution is to use kinetic Monte Carlo (KMC)
imulations, since simultaneous atomistic-level events can be cap-
ured, even when the events span several orders of magnitude in
ime and length scales. For instance, Modak and Lusk applied KMC
imulations to model the open-circuit voltage and electrical dou-
le layer of a doped electrolyte, and then compared their results to
continuum model [21]. In addition, impedance information also
as been successfully captured by Pornprasertsuk et al. using KMC
alculations [22]. Quite recently, they updated their KMC model to
imulate a complete SOFC operating at 900 K, and they investigated
wo basic electrode geometries (clusters and strips) [23]. Overall,
hey found that the oxygen adsorption is the slowest step at the
athode and water formation is the slowest step at the anode. While
ur temperatures are generally higher and our reaction steps are
lightly different, we observe similar rate-limiting behavior in our
odel. All of these previous studies add credibility for using KMC to

ranslate experimental and theoretical rates into an atomistic-level
odel of a functioning SOFC. Hence, we have focused on further

evelopment of the KMC-based approach, with the goal of build-
ng a thermodynamically consistent SOFC model, coupled with a
ealistic (but minimal) set of event details.

In our earlier work, we developed a KMC-based model of the
athode-only side of an SOFC. In the model, we captured the reac-
ion events and electrochemistry associated with the cathode side
f an SOFC, along with a sensitivity analysis of the model parame-
ers. In this paper, we present a more comprehensive KMC model,
hich incorporates both the cathode-side and the anode-side

vents, relevant to a hydrogen-powered YSZ fuel cell. This is accom-
lished by adding the surface adsorption/desorption reactions,
iffusion, and spillover of fuel gas at the anode. In our original model
24–26], the oxygen reduction reaction (ORR) at the cathode side
as qualitatively consistent with experimental findings and previ-

us theoretical predictions, as well as our impedance analysis. Our
pdated model simultaneously considers the electrochemical reac-
ions at both the cathode and anode sides, which should be more
epresentative of a real SOFC. The change of the ionic current den-
ity (J) with respect to different material-independent/dependent
arameters and geometrical parameters is explored. Ultimately,
he simulation results help clarify the correlated behavior of many
imultaneously occurring events, and once understood, this infor-
ation can be used for bottom-up design of SOFCs.

. Methodology

Understanding fuel cell operation at microscopic length and
ime scales (i.e., identifying the reaction pathways, the effect of
ocal electric fields on chemical reactions, oxygen ion and vacancy
ransfer rates, and chemical interactions at cathode–electrolyte and
node–electrolyte interfaces) is important for determining various
oundary conditions in macroscopic studies and for the general
esign of fuel cells. The model used here represents a minimal
epiction of an SOFC device, composed of an ideal YSZ electrolyte,
Pt cathode, and a Ni anode (the details are given in Section 2.1).

or this idealized system, the ORR takes place at the three-phase
oundary (TPB) on the cathode side, according to the following
eaction:
1/2)O2(gas) + 2e−(Pt cathode) → O2−(YSZ electrolyte) (1)

hile the reaction at the TPB on the anode side is formulated as:

2(gas) + O2−(YSZ electrolyte) → H2O(gas) + 2e−(Ni anode) (2)
urces 195 (2010) 4177–4184

While these pivotal electrochemical reactions can be decomposed
into several competing pathways, we assume here that they can be
represented by an abbreviated set of well-defined reaction steps.
For each of the allowed reaction pathways, the relevant param-
eters and the molecular intermediates were captured within the
framework of KMC simulations. While the catalyst size and gas
pressure dependence of the electrode reaction rates have been
modeled with KMC in Ref. [23], here, we primarily focused on the
predicted ionic current density J (mA cm−2) from our model, as
a function of the simulation parameters. These parameters were
divided into three general categories: (i) kinetic parameters, includ-
ing the activation barriers (Ea) and the pre-exponential factors (F0);
(ii) material-independent parameters, such as the external applied
bias voltage (Vext) and the temperature (T); and (iii) material-
dependent parameters, including the electrolyte thickness (D) and
the relative permittivity (εr) of the electrolyte. To identify the influ-
ence of each of the model parameters in a well-defined manner, we
varied each of these parameters independently, while keeping all
of the others fixed.

Some aspects of the experimental systems are not included
in our model, due to their complexity (e.g., thermally or elec-
trically induced chemical and morphological changes of the
electrode/electrolyte interfaces), but we have attempted to cap-
ture the primary experimental features. In addition, since we only
consider a minimal set of chemical reactions (as compared to the
real experimental chemistry), only limited effects at the anode and
cathode TPB can be realized in this study.

2.1. Model description

To further simplify our simulation, infinitesimally thin cathode
and anode layers were used to model the electrodes (i.e., the real
three-dimensional porous structures of the two electrodes were
not explicitly modeled). As a consequence, neither the oxygen
transport through the porous Pt cathode nor the fuel gas (H2) trans-
port through the Ni anode was captured. Although our model does
not consider the diffusion through the cathode or anode, the main
physicochemical reactions occurring at the Pt/YSZ and Ni/YSZ inter-
faces were still preserved, and the details are listed in Table 1. We
consider eight elementary reactions at the cathode (events 1–7 and
9 in Table 1), 14 elementary reactions at the anode (events 10–23
in Table 1), and diffusion of the oxygen vacancies (represented by
event 8) within the YSZ electrolyte.

Sandwiched between the Pt cathode and the Ni anode, the
Fig. 1. Illustration of the hydrogen-powered YSZ fuel cell model used in this study.
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Table 1
Kinetic parameters [16,17,21,22,25,31–39] used in the KMC simulations, where the � is the local surface coverage.

Event Location Event name Elementary step Prefactor F0 Activation barrier Ea Reference

1 Cathode Adsorption k1 O2(g) + (*) → O2* s0 = 0.18 (trapping probability) m = 14.1 (sticking exponent) [17,35]
2 Cathode Desorption k2 O2* → O2(g) + (*) 1.0 × 1013 s−1 37.0–21.0� kJ mol−1 [17,36]
3 Cathode Diffusion k3 O2* → O2* 4.65 × 10−5 m2 s−1 140.5 kJ mol−1 [17,32,33]
4 Cathode Dissociation k4 O2* + (*) → O−*+ O−* 5.0 × 1011 s−1 33.0 + 16� kJ mol−1 [17,35]
5 Cathode Dimerization k5 O−* + O−* → O2* + (*) 2.4078 × 1014 m2 s mol−1 250.0–50� kJ mol−1 [36,37]
6 Cathode Diffusion k6 O−* → O−* 4.65 × 10−5 m2 s−1 140.5 kJ mol−1 [17,32,33]
7 Cathode Incorporation k7 O−* + Vö + e− → O2−(YSZ) + (*) 2.7899 × 1010 m3 s−1 mol−1 130.0 + 48.2425� kJ mol−1 [25,17]
8 YSZ Diffusion k8 Vö → Vö 1.9 × 1013 s−1 101.3 kJ mol−1 [16,21,22,31,17,34]
9 Cathode Excorporation k9 O2−(YSZ) + (*) → O−* + Vö + e− 2.7899 × 1010 m3 s−1 mol−1 130.0 + 48.2425� kJ mol−1 [25,17]

10 Anode Adsorption k10 H2(g) + 2(*) → H* + H* � = 0.01 (trapping coefficient) – [38]
11 Anode Formation k11 O−* + H* → OH−* 1.0 × 1013 s−1 97.9 kJ mol−1 [39]
12 Anode Dissociation k12 OH−* → O−* + H* 5.213 × 1012 s−1 37.19 kJ mol−1 [39]
13 Anode Association k13 H* + H* → H2(g) + 2(*) 1.45418 × 1011 s−1 88.12 kJ mol−1 [39]
14 Anode Formation k14 OH−* + H* → H2O* 7.8 × 1011 s−1 42.7 kJ mol−1 [39]
15 Anode Desorption k15 H2O* → H2O(g) + (*) 4.579 × 1012 s−1 62.68 kJ mol−1 [39]
16 Anode Adsorption k16 H2O(g) + (*) → H2O* � = 0.1 (trapping coefficient) – [38]
17 Anode Excorporation k17 O2−(YSZ) + (*) → O−* + Vö + e− 2.7899 × 1010 m3 s−1 mol−1 130.0 + 48.2425� kJ mol−1 [25,17]
18 Anode Incorporation k18 O−* + Vö + e− → O2−(YSZ) + (*) 2.7899 × 1010 m3 s−1 mol−1 130.0 + 48.2425� kJ mol−1 [25,17]
19 Anode Diffusion k19 H* → H* 4.65 × 10−5 m2 s−1 140.5 kJ mol−1 [17,32,33]
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20 Anode Diffusion k20 OH * → OH * 4.65
21 Anode Diffusion k21 H2O* → H2O* 6.6
22 Anode Dissociation k22 H2O* + (*) → OH−* + H* 5.65
23 Anode Diffusion k23 O−* → O−* 4.65

ll of the Y′
Zr and Zr ions are in a fixed position, while the oxygen

on vacancies are allowed to migrate, consistent with experimental
ndings [27]. Consistent with our previous work [24], an external
pplied bias voltage Vext was applied to our system. According to
ur model, Vext corresponds to the voltage drop between the elec-
rodes across the YSZ electrolyte. Consistent with the concentration
f gases at the anode and cathode, we assume that the voltage
rop in our model can vary from 0 to −1.2 V. In the absence of this
riving force, the net current is zero. Once the simulation begins,
nd the voltage drop is introduced, the ions begin flowing from
he cathode side toward the anode side. Therefore, the ionic cur-
ent density is obtained by calculating the net flux of oxygen ions
O2−) passing through the YSZ (1 0 0) surface per unit time, divided
y the cross-sectional area of the electrolyte. Following our pre-
ious work [24–26] and the suggestion from Ref. [17], we defined
he TPB region at each electrode/YSZ interface to correspond to a
ractional surface area of 0.01 (the width and length of the TPB
egion were assumed to be 10 nm and 100 m, respectively, per
cm2 area of the porous electrode). Thus, our final reported values
f the simulated ionic current density (J) have been scaled, propor-
ional to this experimentally based value. To emphasize this fact,
e refer to the ionic current as “scaled ionic current” throughout

his work. Furthermore, we neglected explicit treatment of the elec-
rons which, according to the Born–Oppenheimer approximation,
ere assumed to move much faster onto and through the electrodes

han the movement of the ions [17].
As shown in Fig. 1, the cubic YSZ electrolyte was represented as a

eries of parallel plate capacitors Zi, where every Zi plane includes
(1 0 0) cation plane and a (1 0 0) anion plane, with a spacing of

.5a within the (1 0 0) plane of the cubic fluorite lattice [22,24]. In
ur model, the corresponding three-dimensional Poisson equation
f electrostatics is approximated as a one-dimensional system, by
ssuming that the charge within each plane is evenly distributed
nd unaffected by ionic translations in the x and y directions [28,29].
ased on this approximation, the KMC simulation time is signifi-
antly reduced, since our procedure requires that the local charge
istribution be updated after each step.
.2. Kinetic parameters

As mentioned in the previous section, the basic electrochem-
stry within the cathode, anode, and electrolyte of our SOFC
m s 140.5 kJ mol [17,32,33]
m2 s−1 140.5 kJ mol−1 [17,32,33,38]
12 s−1 91.36 kJ mol−1 [39]
5 m2 s−1 140.5 kJ mol−1 [17,32,33]

model can be represented by 23 distinct electrochemical reactions
(Table 1). These events are designed so that each forward event
has a corresponding reverse event (i.e., adsorption/desorption, for-
ward/reverse reaction). According to harmonic transition state
theory [30], all the state-to-state dynamics and reaction paths
can be approximated by a series of well-defined rate constants.
Hence, we introduced 46 kinetic parameters (which come from
experimental measurements or high-level theoretical calculations
in the literature) [16,17,21,22,25,31–39] as activation barriers or
pre-exponential factors for defining the event rates.

As suggested by Mitterdorfer and Gauckler [17] the adsorption
rate constants of O2, H2, and H2O (i.e., k1, k10, k16) were approxi-
mated by their flux rate (Fgas) taken from the kinetic theory of gases,
along with a coverage-dependent sticking coefficient (�gas).

kads[gas] = �gas × Fgas = �gas
NAPgas√
2�MRT

(3)

Here, NA is Avogadro’s number, R is the gas constant, T is the
absolute temperature, M is the molecular weight, and Pgas is the
gas partial pressure of O2, H2, or H2O. The sticking coefficient of
hydrogen and water are taken directly from Ref. [38]. However,
following an experimental study [35], the sticking coefficient of
oxygen includes a coverage-dependent term. In this case, the stick-
ing coefficient is calculated by an approximation of the surface
trapping probability s0, the sticking exponent m, and the local sur-
face coverage � (at the cathode side), as expressed by the following
equation:

�gas, oxygen = s0 exp(−m�) (4)

As in our previous KMC simulations [24–26], the oxygen surface
coverage is calculated locally. In this way, the adsorption rate
at a particular site depends upon the local coverage (nearest-
neighbors).

The rates corresponding to desorption, diffusion, dissociation,
and association reactions (i.e., k2–k6, k8, k11–k15, and k19–k23) are
expressed in an Arrhenius form. The rate expressions include an

activation barrier (Ea), a pre-exponential factor (F0), and sometimes
a coverage-dependent correction to the reaction rate:

ki = F0i exp
(

− Eai

kBT

)
(i = 2–6, 8, 11–15, or 19–23) (5)
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here kB is Boltzmann’s constant and the subscript i denotes the
vent number.

The final four events (k7, k9, k17, and k18) correspond to the
harge transfer into and out of the YSZ, as oxygen ions are incor-
orated into (at the cathode) or expelled from (at the anode) the
lectrolyte. The general rate expression for these events is given by
itterdorfer and Gauckler [17] as:

i = k′
i exp(b′E) (i = 7, 9, 17, or 18) (6)

hen i = 7 and 18, b′ is expressed as b′ = −ˇF/RT; while, when i = 9
nd 17, b′ = −(1 − ˇ)F/RT, where F is Faraday’s constant, E is the
pplied potential, and ˇ is charge-transfer coefficient. In addition,
he k′

i
term is expressed by an Arrhenius form, with a corresponding

ctivation barrier (Ea) and pre-exponential factor (F0):

′
i = F0i exp

(
−Eai

RT

)
(i = 7, 9, 17 or 18) (7)

q. (6) indicates that these four events are significantly affected by
he voltage drop across the electrode/YSZ interface. Hence, as the
pplied voltage is varied, the migration of ions (i.e., the current)
hrough the YSZ is controlled.

.3. Kinetic Monte Carlo (KMC) modeling

In KMC modeling, the system is propagated through time, by
tochastically selecting the next event to occur, depending upon the
elative probability of each possible event in the system [40]. The
elative probability of each event is generally dictated by the intrin-
ic rate constant of each event, which must be defined a priori in the
imulation (i.e., Table 1). The probability of each event is affected
y the local environment, and therefore, must be updated at each
tep. As the system is propagated, we increment the simulation
lock, which approximates the real physical time elapsed.

Once the kinetic database was assembled and the initial con-
guration of the YSZ structure was generated, the simulation was
xecuted in the following way. According to the dopant fraction
here, 9 mol% of Y2O3), the lattice contained a certain fraction
f vacancies (Vö) and a corresponding stoichiometric fraction of
ttrium (Y) species, which were distributed randomly through-
ut the YSZ structure. All of the surface adsorption sites at the
athode and anode sides were initially empty. On the cathode
ide, the adsorption sites are the locations that can accommodate
ither an O2 molecule or an oxygen atom. On the anode side, the
dsorption sites can accommodate hydrogen atoms, oxygen atoms,
ydroxyl groups, or water molecules. Once the initial configura-
ion was determined, the rate of each event that might potentially
ccur at each site was tabulated. Our lattice model accelerates
his calculation, since the event rates at each lattice site can be
uickly determined, without having to calculate nearest-neighbor
istances.

After obtaining the rate of each event i for atom number j of
tom type k at each site (x, y, z), the total rate of each event for all
ites, rate(i) can be calculated by Eq. (8), as well as the total rate of
ll events (ratetotal), as shown in Eq. (9).

ate(i) =
Nk∑
j=1

Ntypes∑
k=1

rateevent(i, j, k) (8)

Nevents∑

atetotal =

i=1

rate(i) (9)

nce the initial system configuration is generated and rates are cal-
ulated, a specific event is chosen to occur according to the relative
urces 195 (2010) 4177–4184

probability of each event (Pevent):

Pevent(i, j, k) = rateevent(i, j, k)
ratetotal

(10)

Then, a random number (RN) between 0 and 1 is generated in order
to increment the system clock by �t:

�t = − ln(RN)
ratetotal

(11)

According to the KMC simulation scheme, there is a 100% probabil-
ity of event acceptance, once the event is chosen. Subsequently, an
updated system configuration leads to updated values of rateevent,
rate(i), and ratetotal. Once these event rates are updated, the KMC
procedure is repeated (many times) until a predefined number of
simulation steps is reached.

2.4. Sensitivity analysis

In our model, the complex electrochemical reactions were sim-
ulated by many predefined simulation parameters, which were
extracted from several different references in the literature. There-
fore, a sensitivity analysis was used to extract and interpret the
complex interdependences of these parameters on a target quan-
tity, i.e., the current density. As suggested by Bessler [41] the
sensitivity S can be calculated by simulating a target quantity ˚
(e.g., the ionic current density) with respect to a small change in
one of the model kinetic parameters q (e.g., an activation barrier Eai
or a pre-exponential factor F0i) from its initial value.

S = �˚

�q
(12)

By assuming each model kinetic parameter qi as a single indepen-
dent variable, the complex non-linear dependence of our model
kinetic parameters can therefore be extracted and analyzed. Our
previous study [25] established that a variable range of qi ± 25%qi
was sufficient to estimate the sensitivity of the ionic current den-
sity with respect to each parameter. Thus, we again chose a range
of parameter variability of ±25%, while the other parameters were
held fixed.

3. Results and discussion

In our previous papers [24,25], we established a KMC-based
model for the cathode side of an SOFC, and we performed a sys-
tematic sensitivity analysis of the kinetic parameters. In this paper,
we report our modeling results of the same properties (including
sensitivity analysis and the change of scaled ionic current density)
with a more comprehensive SOFC model, which now includes the
anode-side reactions.

As a reference for our study, a set of parameters is chosen
to define a standard baseline simulation system. The parame-
ters are divided into three groups and their baseline values are:
(i) kinetic parameters of the electrochemical reactions, as shown
in Table 1; (ii) material-independent parameters, with tempera-
ture T = 1073 K, external applied bias voltage Vext = −1.0 V (negative
applied voltages at the cathode and zero voltage at the anode), and
gas partial pressures of PO2 = 0.30 atm (consistent with our pre-
vious study [24]), PH2 = 0.98 atm, and PH2O = 0.02 atm, with the
proportion of H2 and H2O suggested by an experimental study
[42]; and (iii) material-dependent parameters, with cross-sectional
area A = (10a)2 = 26.42 nm2, thickness of the YSZ D = 80a = 41.12 nm,

relative permittivity of the YSZ εr = 40, and a vacancy concentra-
tion corresponding to 9 mol% yttria-doped zirconia. The simulated
ionic current density in the standard simulation system was used
to gauge the sensitivity of the system to changes in the model
parameters.
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rent density increases rapidly (e.g., J increases about 228% with a
25% reduction of Ea7), partially due to the small polarization and
charge-transfer resistances in the TPB regions. These findings sug-
gest that understanding the oxide ion incorporation mechanism
at the cathode/electrolyte interface is critical for obtaining high
ig. 2. Sensitivity analysis of the ionic current density J with respect to various kine
s shown in Table 1.

.1. Analysis of kinetic parameters

The results of the sensitivity analysis with respect to the kinetic
arameters are shown in Fig. 2. In this graph, the bars indicate
he change of current density when an activation barrier or a pre-
xponential factor increases or decreases by 25%. Comparing the
izes of bars in Fig. 2a and b, it is clear that the ionic current
ensity is generally more sensitive to the changes of the activa-
ion barriers than by the changes of the pre-exponential factors, as
xpected.

The largest bar corresponds to the most influential parameter
i.e., event 7), which corresponds to the oxide ion transfer into the
athodic TPB region of the YSZ. Next, the excorporation of O2− from
he YSZ to the anode surface as O−* (event 17) is the second most
ensitive reaction for the ionic current density. Since both events
and 17 are directly related to the flux of the oxygen ions flowing

hrough the electrolyte, these event rates have a strong influence on
he simulated current density. Similarly, the current density is also
emarkably sensitive to the activation barrier (�Ea8) of the oxygen
acancy (Vö) migration within the YSZ (event 8), since this event
ictates the ionic transfer rate within the electrolyte.

Additionally, there are minor changes in J with respect to several
f the activation barriers. These weaker dependencies correspond
o the dissociation of O2* into two O−* (�Ea5) and its inverse
eaction (�Ea4), as well as the desorption of O2* (�Ea2). This sug-
ests that the number of oxygen species occupying the cathode/YSZ
nterface does not play a major limiting role in the ionic transport,
onsidering the overall performance of the SOFC.

Changing other kinetic parameters only leads to very small devi-
tions in the current density (e.g., �J < 5%). Many of these weak
nfluences correspond to the kinetic parameters of the hydrogen
eactions. Thus, the small bars in Fig. 2 suggest that the adsorp-
ion reactions of gas molecules (including O2, H2, and H2O) at the
athode or anode surface, the diffusion of molecules or ions along
he TPB region, and the formation or dissociation of OH− and H2O
re not significant determinants of the ionic current. This is good a
osteriori justification for some of the approximated activation bar-
iers and pre-exponential factor in Table 1 for many of the surface
iffusion reaction steps (e.g., the diffusion of H*, OH−*, O−*, etc.).

To summarize, the most sensitive rates for predicting the cur-
ent are O2− incorporation at the cathode side, its excorporation
t the anode side, as well as the oxygen vacancy diffusion within
he YSZ bulk, which also affects the net charge distribution within

ur simulation cell. These results are in good agreement with our
revious study [25], although it only modeled a half-cell (the cath-
de side). Similar findings indicate that most of the reactions on
he anode side play less significant roles in the overall SOFC perfor-

ance.
ameters: (a) activation barrier Ea and (b) pre-exponential factor F0 for events 1–23,

With respect to the mobile charge carriers, the charge accumu-
lation happens at the interface of the electrode/electrolyte, which
significantly modifies the intrinsic properties of these interfaces.
More specifically, the mobile positive charge carriers Vö (shown in
Fig. 3a) accumulate near a negatively charged cathode and deplete
near a positively charged anode. On the contrary, as shown in
Fig. 3b, the negative O2− ions display the opposite behavior (i.e.,
accumulate at the anode side and deplete at the cathode side) to
maintain charge neutrality within the YSZ bulk. Therefore, follow-
ing the Gouy–Chapman model [43], electric double layers, which
have large electrochemical capacitances, are formed at the cath-
ode/YSZ and anode/YSZ interfaces. If the activation barrier Ea7 is
decreased (e.g., reduced by 25%), neither the oxygen ions nor the
oxygen vacancies stay long enough to accumulate at the TPB region,
due to the rapid exchange with the electrolyte. Hence, the corre-
sponding double layers are reduced, as shown by the solid line in
Fig. 3. As mentioned in Ref. [23], the concentration of vacancies
in the double layer determines the overpotential, which in turn,
controls the charge-transfer flux. Thus, with Ea7 reduced, the cur-
Fig. 3. The relative concentrations of (a) Vö and (b) O2− within the YSZ layers cor-
responding to different values of the activation barrier Ea7 (i.e., 75%Ea7, Ea7 and
125%Ea7).
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Fig. 4. The scaled ionic current density J (mA cm−2) versus the external applied
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otential Vext (all are negative applied voltages at the cathode) at T = 1073. The inset
hows the relative Vö concentrations of the YSZ layers as the function of the external
pplied potential Vext.

urrent densities, and for the design and optimization of effective
athode interface structures of future SOFC materials.

.2. Analysis of material-independent parameters

Besides the influence of the fundamental kinetic parameters
escribing the system events, the thermodynamic operation vari-
bles have an important impact on the simulated ionic current
ensity. Here, the external applied bias voltage Vext and the tem-
erature T are investigated, since our previous study [24,26] of
he cathode half-cell showed a great deal of sensitivity to these
perational variables, as do experiments.

For a given fuel cell system, the current density is dominated by
he reactant concentration and the overpotential losses at the inter-
ace of the electrode/electrolyte, as suggested by the Butler–Volmer
quation [44]. Thus, the magnitude of J can be studied as a func-
ion of the external bias voltage between the cathode and anode,
hile keeping the gas partial pressures constant PO2 : PH2 : PH2O =

.3 : 0.98 : 0.02, and fixing the other thermodynamic parameters
f the standard simulation system. According to Nernst equation,
he standard hydrogen–oxygen electrode potential, or Gibbs free
nergy of hydrogen and oxygen reacting to give liquid water, is
.23 V, so the open-circuit voltage for our model should be smaller
han this value under normal operating conditions. Here, we var-
ed the external applied bias voltage from 0.1 V to 1.2 V, and the

odel results are displayed in Fig. 4. The scaled ionic current den-
ity increases with applied voltage, with increasing slope at higher
ext values. In the model a non-ohmic I–V curve is present above
.2 V, while an ohmic I–V curve is found at Vext <0.2 V. If the applied
oltage is decreased to zero, there is no net flow of oxygen ions
hrough the YSZ electrolyte, which means that the calculated value
f J is zero. In this case, only random fluctuation of O2− and Vö con-
entrations are found throughout the YSZ layers. Thus, a net flow
f ionic current is only possible when the external applied volt-
ge allows the random motion of ions such as O2− and Vö to flow
n the appropriate direction. As shown in the inset of Fig. 4, when
he external bias voltage is applied, the oxygen vacancies prefer
o deviate from their initial uniform distribution and accumulate
t the cathode side, which results in a space-charge region (i.e.,

ouble layer). At the same time, the oxygen ions accumulate at
he anode side, leading to a similar double-layer structure near the
node/YSZ interface. As the external applied voltage increases, the
harge accumulation at each interface becomes more significant,
Fig. 5. (a) The scaled ionic current density as a function of temperature at different
Vext. The corresponding simulated resistances of the 10 × 10 × 80 YSZ supercells are
displayed in the inset. (b) The simulated conductivity compared to the experiment
[42] (in log(�)) as a function of inverse temperature (in 1000/T).

which modifies the local potential gradients, and the calculated
current density J.

In order to investigate the effects of temperature, we computed
the ionic current density at temperatures ranging from 573 K to
1273 K, which contains the range of experimental interest. From
Fig. 5a, we find that at two different applied voltages (Vext = −1.0 V
and −0.5 V), the scaled ionic current density grows remarkably
with respect to temperature. This tendency is magnified when the
applied voltage is large. Moreover, the higher temperatures weaken
the polarization resistance due to the accelerated ion migration and
chemical reaction kinetics. On the contrary, at low temperature
(e.g., T < 700 K), the scaled ionic current density is close to zero.
This highlights one of the main challenges of an SOFC operation.
Namely, lower temperatures (T < 800 ◦C) are desired for minimiz-
ing material costs, but the performance characteristics decrease at
lower temperatures.

The change of conductivity of YSZ (�) with respect to tempera-
ture has been summarized in Fig. 5b, where the conductivity of YSZ
(�) is calculated as:

� = D

RA
= ID

VextA
= JD

Vext
(13)

where R is the resistance. In Fig. 5b, the experimentally measured
with Pt electrodes (open triangles) is shown, along with the con-
ductivity of bulk YSZ (open circles). As seen, the Pt/YSZ system
displays lower conductivity, most likely due to incomplete contact
at the experimental Pt/YSZ interface [42]. Our simulation results,
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ig. 6. (a) The logarithmic plot of resistance RA (� cm2) versus logarithmic plot of Y
he function of the thickness D.

specially at Vext = −1.0 V (closed squares), are in good qualitative
greement with the experiments. As a function of temperature,
ur simulated conductivity shows a trend that is very similar to
he experimental observation. Deviations from the experimental
esults may be traced back to the differences between the the-
retical model and experimental operating conditions, such as
he thickness of the electrolyte and the electrode material. In our

odel, the thickness of YSZ is only 41.12 nm and the anode is ultra-
hin metal Ni. In addition, some of the limitations and assumptions
nherent to our model (i.e., neglect of the electrode structure or
rue TPB regions, etc.) are other elements which lead to the devi-
tions between the theoretical simulations and the experimental
easurements.
Assuming an Arrhenius temperature dependence, the corre-

ponding electrolyte YSZ effective resistance can be extracted, as
hown in the inset of Fig. 5a. Furthermore, by fitting to an Arrhe-
ius model, the effective activation energy (Eact) of the system can
e obtained via the following equation:

act = 2.3026 × kB × slope
(

log R vs.
1
T

)
(14)

here kB is Boltzmann’s constant. According to Eq. (14), the effec-
ive activation energy of the oxide ion diffusion for the 9 mol% YSZ
n our model is estimated to be 1.01 eV and 1.31 eV, corresponding
o the applied bias voltage is −1.0 V and −0.5 V, respectively. These
alues compare favorably to the experimentally reported values
ranging from 0.83 eV to 1.05 eV) [22,34].
.3. Analysis of material-dependent parameters

As mentioned above, decreasing the operating temperature
egrades the electrolyte ionic conductivity significantly. Thus, at

ig. 7. (a) The scaled ionic current density J (mA cm−2), the logarithmic resistance RA (�
ffective relative permittivity εr.
ickness D (in nm) of the YSZ. (b) The relative Vö concentrations of the YSZ layers as

low operation temperatures, two possible routes for enhancing
the SOFC performance are improving the electrode/electrolyte
structure or developing new electrolyte materials. Therefore, it
is valuable to explore the influence of these material-dependent
parameters in our model, as described in the following sections.

Since the contributions of the metal electrodes at the YSZ sur-
faces are not explicitly considered within our model, a bulk-like
conductivity (e.g., a single YSZ crystal) is not sensitive to the varia-
tion of the surface/interface cross section [24]. Over a range of cross
sections (from 32 nm2 to 117 nm2), the variation of the calculated
ionic current density in our previous modeling study was found to
be less than 1% at a temperature 1073 K [24]. This is consistent with
the fact that our calculated values of J are reported on a normalized
basis (ionic flux/area). Therefore, in this study, we only investigate
the influence of the YSZ thickness D (from 20a to 120a) at a fixed
cross-sectional area A = (10a)2. The fluctuation of the ionic current
density due to the variation of the YSZ thickness D is substantial.
The thickness controls the length of diffusive ionic scattering in
the region of the potential drop between the anode and cathode.
As shown in Fig. 6a, the logarithmic (RA) is plotted as a function
of the logarithmic thickness D, where the slopes coming from lin-
ear regression fitting are 0.20 (i.e., RA ∝ D0.20) at D = ∼20a–60a and
0.10 (i.e., RA ∝ D0.10) at D = ∼60a–120a. Thus, although the ionic
resistance of the YSZ is found to be dominated by lattice con-
trolled diffusivity, the resistance attributed to the ionic diffusion
within the YSZ lattices does not strictly follow Ohm’s law of a clas-
sical conductor (i.e., R ∝ D). Furthermore, as the thickness increases,

the magnitude of the double layer tends to decrease. As shown in
Fig. 6b, the relative Vö concentration near the cathode size may
increase as much as ∼50% from a uniform distribution, when the
YSZ thickness is only 20a (i.e., 10.28 nm). However, in the case of a
thicker YSZ (e.g., D = 120a = 61.68 nm), the increment of Vö accumu-

cm2) and (b) the relative Vö concentrations of the YSZ layers as the function of the
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ation is only ∼5%, relative to the equilibrium value. These results
ndicate that the effective dielectric capacitance within the double-
ayer region is inversely proportional to the electrolyte thickness.
herefore, reducing the electrolyte thickness (to a certain extent)
an be used to maximize the ionic conductivity in the design of the
OFC.

Local-density-functional response calculations show that YSZ is
n electronic insulator with a range of possible dielectric constants,
epending on its crystal structure and yttria concentration [45]. The
edistribution of mobile ionic species at the electrodes of the YSZ
lectrolyte upon fuel cell operation (creation of the electrochem-
cal double layers) makes it an effective capacitor. Capacitance is
roportional to relative permittivity, εr. So instead of fixing the rel-
tive permittivity (at εr = 40), a series of calculations over a range
f εr values (from 20 to 160) were performed to predict the effects
n the current density J and the effective resistance R of varying
ermittivity. Fig. 7a shows that the scaled ionic current density is
irectly proportional to the relative permittivity, while the effective
esistance is approximately inversely proportional to the relative
ermittivity. However, in comparison to the effects of the operating
emperature, the response to a similar proportional change of εr is
ot as big. As εr increases, there is a larger space-charge polariza-
ion at each electrode/electrolyte interface, leading to two obvious
lectric double layers at the electrode/electrolyte interfaces. These
esults are similar but extend our previous results [24] for the
RR at the cathode to the full cell. Of all the material-independent
arameters, Vext and T have the largest effect on the SOFC current.

. Conclusions

A hydrogen-powered SOFC is studied by a kinetic Monte Carlo
KMC) model. Its electrolyte, cathode, and anode are 9 mol% YSZ,
ltrathin metal Pt, and ultrathin metal Ni, respectively. A series of
eversible elementary chemical reaction rates are adopted from the
xperimental and theoretical literature for simulating the ORR near
he cathode and hydrogen-oxidation mechanism near the anode.
his minimal list of event rates is intended to capture the most
mportant electrochemical interactions at the two TPB regions of

working SOFC. In order to evaluate the efficiency of the SOFC,
he ionic current density J is used as a criterion to perform a sen-
itivity analysis of the kinetic parameters, and to test the SOFC
erformance at various operating conditions and different material
roperties. All of the results are generally consistent with the exper-

mental findings and previous theoretical predictions. It should be
mphasized that our model is a highly idealized version of an actual
xperimental SOFC, so the assumptions and inherent limitations of
ur model must be considered when making direct comparisons
ith experimental systems.

Among the reaction rates that we considered, the dominant
lementary processes are oxygen incorporation into the YSZ elec-
rolyte at the cathode side, followed by oxygen ion transfer within
he YSZ, and finally excorporation out of the electrolyte at the anode
ide. The influence of varying the rates of the other elementary steps
s much less.
Physical parameters such as the applied bias voltage, operating
emperature, thickness of the YSZ, and the relative permittivity of
he YSZ are found to significantly affect the calculated ionic current
ensity of the SOFC. Increasing the applied bias voltage, operating
emperature, and the relative permittivity of the YSZ, but reducing

[

[

[

urces 195 (2010) 4177–4184

the thickness of the YSZ are found to increase the ionic current
density and improve the efficiency of the SOFC. In order to reduce
the inherent limitations of our SOFC model, future development
should consider the 3D structure of the two electrodes and extend
the database of the electrochemical reaction rates.
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