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a b s t r a c t

The limiting current density is an important characteristic quantity in solid oxide fuel cells (SOFCs). High
concentration overpotential is often used to explain the limiting current density assuming a high tortu-
osity or limited surface diffusion in the vicinity of the three-phase boundary. Most membrane-electrode
assembly models of SOFC fail to predict the limiting current density, even for hydrogen, when using physi-
cally reasonable values of tortuosity and considering the short residence time of the adsorbed species near
the three-phase boundary. In this paper, a one-dimensional model for the transport–chemistry interac-
tions in SOFCs is described. The model is based on a comprehensive approach that includes the dusty-gas
model for gas transport in the porous electrodes, detailed heterogeneous elementary reaction kinetics
for the thermo-chemistry in the anode, and detailed electrode kinetics for the electrochemistry. Correct
values for the Knudsen diffusion coefficients are used. We apply the unsteady form of the conservation
equations, allowing for the analysis of the response of the cell to external dynamics. Results of our model
are compared with experimental data, showing good agreement over a wide range of the current density,
but fail to predict the limiting current density accurately when the hydroxyl oxidation charge-transfer

reaction is assumed to be the rate limiting reaction. To obtain accurate predictions of the limiting current
density, we analyze the possibility that different steps can be rate-limiting reactions in the electrochem-
istry model of hydrogen oxidation. We use recent measurements on the three-phase boundary area and
take into account the surface diffusion and competitive adsorption to determine possible rate limiting
reactions at high current density. We show that a rate-limiting switchover model, in which the reaction
limiting the overall kinetic rate becomes the hydrogen adsorption at the anode, may be required to explain
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the experimentally measu

. Introduction

Fuel cells are considered attractive alternatives to combustion
ngines because of their high theoretical efficiency. Solid oxide fuel
ells (SOFCs) have special advantages over low temperature fuel
ells such as polymer electrolyte membrane fuel cells because they
xhibit high conversion efficiency at high temperatures while con-
uming hydrocarbons directly. Current SOFC research focus areas
nclude reducing the operating temperature and eliminating the
eed for reformers while utilizing hydrocarbon fuels. In order to
chieve these objectives while improving the finite current effi-

iency and optimizing the design of SOFCs, mathematical models
re indispensable.

The limiting current density is an important characteristic quan-
ity in SOFCs. Efforts to predict the limiting current density have not
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miting current density over a range of operating conditions.
© 2008 Elsevier B.V. All rights reserved.

een successful. The high concentration overpotential, determined
y the reactants and products transport limitations that reduce
he reactants’ concentrations at the three-phase boundary (TPB),
s often used to explain the limiting current density. The concen-
ration overpotential depends on the transport properties of the
lectrodes including their porosities and tortuosities. To predict
he measured limiting current density, some membrane-electrode
ssembly (MEA) models assume anode tortuosities in the range
f 10–17. These values are too high, considering that the reported
ange for porous sintered ceramics is 2–10, and most often below 6
1]. To avoid making this assumption, Williford et al. [1] introduced
urface diffusion effects into Fick’s diffusion model, by adjusting
he diffusion coefficients assuming that the competitive adsorption
nd surface diffusion contribute to the concentration overpotential.

he adjusted diffusion coefficient was introduced by combining a
as diffusion coefficient and a surface diffusion coefficient, and was
pplied to the gas species transport throughout the entire thickness
f electrodes. This approach overestimated the diffusion resistance
ecause: (i) the diffusion coefficient adjusted using the surface

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:ghoniem@mit.edu
dx.doi.org/10.1016/j.jpowsour.2008.10.009
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iffusion coefficient is applied to the gas species transport; and
ii) the adjusted coefficient is applied to the whole electrode even
hough surface diffusion plays a role only in the vicinity of the TPB,
ithin tens of nanometers.

In this paper, we propose other mechanisms that can explain the
ell behavior around the limiting current density. For this purpose,
e develop an accurate transport–chemistry interaction model for

he MEA, using the dusty-gas model (DGM) to describe transport;
detailed mechanism for the thermochemistry in the anode; and
ultistep reaction mechanisms to model the charge-transfer reac-

ions at the anode and the cathode surfaces. We show that the
odel can predict the polarization curve accurately over most of the

ange of current density, while using the assumption that hydroxyl
on oxidation reaction is the limiting step in the anode electrochem-
stry model. However, this assumption fails to predict the limiting
urrent density accurately. We explore other rate limiting reac-
ions at high current density and show that hydrogen adsorption
t the anode can become sufficiently slow to cause rapid increase
f the activation overpotential at high currents. Using a modified
pproach to the selection of the rate limiting reaction, we obtain
etter prediction of the limiting current density.

In the following sections, a detailed model to calculate each
verpotential and the way to implement them in the simulation
ode will be described. We will validate the model against available
xperimental results and propose a new rate-limiting switch-over
odel to improve the prediction of the limiting current density.

he paper ends with conclusions and suggestions for future work.

. Model description

The objective of the model is to calculate the polarization curve
f a SOFC over the entire operating range of voltage–current density,
nd for different fuel concentrations. We adopt a one-dimensional
pproach to model transport–chemistry interactions within the
EA and limit our validation to button cell results. Extension to
ulti-dimensional models will be attempted in the future. We

ssumed that the temperature is constant and uniform through the
EA.
The equilibrium potential, Erev, is calculated from the Gibb’s free

nergy of the reaction:

rev = −�g0

zF
− RT

zF
ln

∏
prodp�i

i∏
reactp

�i
i

(1)

here vi is the stoichiometric coefficient of a constituent, � is the
niversal gas constant (J mol−1 K−1), T is the temperature (K), pi is
he partial pressure of gas species i (atm), and the Gibbs free energy
f reaction, �g0 (J mol−1) is evaluated for all species at atmospheric
ressure. Erev is also the open circuit voltage (OCV) with no fuel

eakage.
At finite current, the open circuit voltage is reduced by losses,

ncluding the ohmic overpotential associated with ion transport
hrough the electrolyte and electron transport through the elec-
rodes, the activation overpotentials associated with the energy
arriers of the charge-transfer reactions, and the concentration
verpotentials associated with the gas-phase species transport
esistance through the electrodes. Thus, the operating cell voltage,
, can be written as

cell = Erev − �conc,a − �a,a − �ohm − �conc,c − �a,c (2)
here �conc,a and �conc,c are the concentration overpotentials at the
node and the cathode, �a,a and �a,c are the corresponding acti-
ation overpotentials at the anode and the cathode, and �ohm is
he total ohmic overpotential. Models for these overpotentials are
eveloped next.
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.1. Concentration overpotential

At open-circuit conditions, i.e. zero current flow, the species con-
entrations at the TPB are the same as those of the bulk channel’s
ases. Under finite current conditions, species concentrations at
he TPB are different, because of the finite transport flux across the
lectrodes. While evaluating the actual electrochemical potential
f the fuel cell, the relevant reactants and products concentrations
re those at the TPB. The potential difference associated with the
as species concentration change across the electrodes is the con-
entration overpotential:

conc = [Erev]at the channel − [Erev]at the TPB = −RT

zF

×
[(

ln

∏
prodp�i

i∏
reactp

�i
i

)
at the channel

−
(

ln

∏
prodp�i

i∏
reactp

�i
i

)
at the TPB

]
(3)

ext we develop a model for computing the concentrations of gas
pecies at the TPB.

.1.1. Conservation equation
The conservation equation of gas-phase species in the reactive

orous media is

∂ck

∂t
= Asṡsurf,k + ṡgas,k − ∇ · Jk (k = 1, . . . , Kg) (4)

here ck is the concentration of gas species k (mol m−3), Jk is the
olar flux of gas species k (mol m−2 s−1), ṡsurf,k is the surface pro-

uction rates of the gas species k by the heterogeneous reactions
mol m−2 s−1), As is the specific catalyst area per unit volume of the
lectrode (m−1), ṡgas,k is the production rates of the gas species k by
he homogeneous reactions (mol m−3 s−1), and Kg is the total num-
er of gas species. The molar flux can be determined by the Fick’s
odel (FM) or the DGM. The production rates of the gas species are

btained from the thermo-chemistry model.
The surface species conservation equation is as follows:

∂csurf,k

∂t
= ṡsurf,k (k = 1, . . . , Ks) (5)

here csurf,k is the concentration of surface species k (mol m−2),
˙ k is the production rate of the surface species k by the hetero-
eneous reactions (mol m−2 s−1), and Ks is the total number of
urface species. Unlike gaseous species, surface species are effec-
ively immobile on length scales larger than an individual catalyst
article. Hence, the surface species transport over macroscopic dis-
ance is assumed negligible [2].

.1.2. Transport
The fluxes Jk are computed using the DGM [3]. DGM incorpo-

ate physical phenomena beyond those described by FM, such as
smotic diffusion, reverse diffusion, and diffusion barrier [4]:

∇ci =
∑
j( /= i)

1
ctDe

ij

(cjJi − ciJj) + Ji
De

iM

+ B0

�v
mix

ci

De
iM

∇p (6)

here ct = p/�T is total molar concentration (mol m−3).
The effective Knudsen diffusion coefficient for the component i,

e
iM

, in the multicomopnent mixture gas is governed by [3]:√

e
iM = d0

3
ε

�

8RT

	Mi
(7)

here Mi is the molar mass of species i (kg mol−1), De
ij
, is the effec-

ive binary diffusion coefficient in the porous medium, and De
ij

is
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elated to the corresponding ordinary binary diffusion coefficient
ij as [4]:

e
ij = ε

�
Dij (8)

here ε is the porosity and � is the tortuosity. The porosity is
efined as

= ∀void

∀material
(9)

n which ∀void is a void volume and ∀material is the superficial volume
f the material.

The tortuosity is defined as

=
(

le

l

)2

(10)

here le is the effective length between two points through the
ores and l is the straight distance between the same two points.

According to Champan–Enskog kinetic theory, the binary diffu-
ion coefficient Dij is [5]:

ij = 5.8765 × 10−9

√
T3(1/Mi + 1/Mj)

P
2
ij

˝D,ij

(11)

here ˝D,ij is the dimensionless collision integral function [5]:

D,ij = fcn

(
kBT

εij

)
(12)

here kB is the Boltzmann constant (J K−1) and εij is the character-
stic Lennard–Jones energy (J). Here, 
ij and εij are calculated from
he individual parameters using the approximate equations [5]:

ij = 
i + 
j

2
(13)

ij =
√

εiεj (14)

he mixture viscosity, �v
mix

, is [5]:

v
mix =

n∑
i=1

Xi�
v
i∑n

j=1Xj˚ij

(15)

n which

ij = 1√
8

(
1 + Mi

Mj

)−1/2
[

1 +
(

�v
i

�v
j

)1/2(
Mj

Mi

)1/4
]2

(16)

he viscosity of each species is determined by [5]:

v = 8.4411 × 10−5
√

MT


2˝�
(17)

n which

� = fcn
(

kBT

ε

)
(18)

he permeability B0 is an experimentally determined characteristic
arameter of the porous matrix structure including the porosity and
ortuosity factors. If an electrode is assumed to be an aggregated
ed of spherical particles with diameter dp (m), the permeability
an be expressed by the Kozeny–Carman relationship [6]:

d2
p ε3
0 =
180 (1 − ε)2

(19)

he transport of gaseous species through porous electrodes is
ffected by the microstructure of the electrodes, particularly, the
orosity, permeability, pore size, and tortuosity factor.
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.1.3. Thermo-chemistry
Because of the relatively high operating temperatures and

he catalytic surfaces in the anode structure, various ther-
ochemical reactions occur within the anode, such as steam

eforming, water–gas shift, partial oxidation, and carbon forma-
ion. Thermochemistry has usually been handled using significantly
implifying assumptions, such as local equilibration of reforming
nd water–gas-shift chemistry [1,7], or global reaction kinetics [8].
ecently, detailed heterogeneous elementary kinetics models of
ethane on a Ni surface have been established and validated over
wide range of conditions [9].

Gas-phase chemistry within the pores is neglected because the
eterogeneous thermochemical reactions are considerably faster
han the homogeneous thermochemistry and the probability for
as–gas collisions is low when the pore space is comparable to the
ean free-path length [9]. Thus,

˙ gas,k = 0 (k = 1, . . . , Kg) (20)

he surface mechanism of methane reforming and oxidation over
ickel has been suggested [10]. The mechanism was initially devel-
ped and validated using Ni-coated honeycomb monoliths for
he temperature range from 700 to 1300 K. The reaction mecha-
ism consists of 6 pairs of adsorption/desorption reactions for 6
as species and 15 pairs of surface reactions among 12 adsorbed
pecies. We included all 44 heterogeneous elementary reactions
n the model. Details on how to apply detailed thermochemical
eforming to our model can be found in [11].

.2. Activation overpotential

Charge-transfer processes are among the least understood
spects of fuel-cell chemistry. Analytical approaches using a single
lobal charge-transfer reaction have often been used to describe
lectrochemical kinetics, leading to the Butler–Volmer equation
1,12,13]. There have been some efforts to develop detailed charge-
ransfer kinetics in the form of elementary reaction steps, in

manner that resembles the treatment of heterogeneous ther-
ochemical kinetics. However, a clear understanding of the

lectrode kinetics does not exist yet. Regarding the anode, there
re several outstanding issues. According to the literature, adsorp-
ion/desorption, surface diffusion, the formation of hydroxyl and
charge-transfer reaction are feasible rate-limiting reaction steps

n a simplified SOFC anode model. It is not evident whether the
hemical and the electrochemical reactions occur only on the sur-
aces of Ni and of yttria-stabilized zirconia (YSZ), or whether the
ulk material is also active.

Zhu et al. [9] applied a detailed electrode kinetics model and
btained a Butler–Volmer formalism using a rate-limiting step. This
pproach provides qualitative information about some important
unctional dependencies such as the reaction order in the exchange
urrent density, and enables comparison with experimental results
hat have been interpreted using parameters in the Butler–Volmer
quation. In the following, we follow the same approach.

.2.1. Anode activation overpotential
We use the five elementary reaction mechanisms proposed by

e Boer [14]. In this model, hydrogen is adsorbed only on the nickel
urface (Ni) and other surface species reside on the electrolyte
urface (YSZ). These reactions include interactions among (i) an
dsorbed atomic hydrogen, H(Ni), an empty surface site, (Ni), and

n electron, e−(Ni), on the Ni anode surface; (ii) a lattice oxygen,
×
0 (YSZ), and an oxygen vacancy, VO

•• (YSZ) within the YSZ elec-
rolyte; and (iii) hydroxyl ion OH−(YSZ), water H2O(YSZ), oxygen
on O2−(YSZ), and empty sites (YSZ) on the YSZ surface. The reaction

echanism is
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Table 1
The different terms and parameters in BV equation when assuming that Reaction (R1), (R2), (R3) or (R4) is rate-limiting.

Rate-limiting reaction Exchange current density i∗H2
ˇa ˇc

1 i0 = i∗H2
(pH2 ) 2FlTPB

S0
i√

2	�TMH2

0 2

2 i0 = i∗H2

p1/4
H2 O

(K1pH2 )1/4

1+(K1pH )1/2

2lTPBFK1/4
5

k3/4
2,a

k1/4
2,c

(K3K4)1/4 0.5 1.5

3

4

•

•

•

•
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(
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r
A
a

2

i0 = i∗H2

(K1pH2 )1/4(pH2 O)3/4

1+(K1pH2 )1/2

i0 = i∗H2
(pH2O)

Adsorption on the Ni surface:

H2(g) + 2(Ni) ⇔ 2H(Ni) (R1)

Charge-transfer reactions at the TPB region:

H(Ni) + O2−(YSZ) ⇔ (Ni) + OH−(YSZ) + e−(Ni) (R2)

H(Ni) + OH−(YSZ) ⇔ (Ni) + H2O(YSZ) + e−(Ni) (R3)

Adsorption/desorption on the YSZ surface:

H2O(YSZ) ⇔ H2O(g) + (YSZ) (R4)

Transfer of oxygen ion between the surface and the bulk YSZ:

OX
0 (YSZ) + (YSZ) ⇔ O2−(YSZ) + VO

••(YSZ) (R5)

The calculated residence time of H on Ni surface is 8 ns and
he corresponding diffusion length is 19 nm at 750 ◦C. Because the
dsorbed hydrogen desorbs after this small diffusion length, the
urface coverage is mainly determined by adsorption/desorption.
ven within the diffusion length scale, 50 nm, away from the TPB
he surface coverage changes by only 0.1%. Thus, it is reasonable to
xclude the surface diffusion of hydrogen from this mechanism.

The surface species interact through five reaction equations,
eactions (R1)–(R5) and the two conservation equations for Ni and
SZ surface. Invoking the assumption that one reaction step is rate-

imiting, a simple analytical expression for the i–�a relationship can
e derived in the Butler–Volmer form (BV) using the anodic and the
athodic reaction coefficient, ki,a and ki,c of the rate-limiting reac-
ion and the equilibrium constants Ki of other reactions. The form
f the BV equation is

= i0

[
exp

(
ˇa

F�a

RT

)
− exp

(
−ˇc

F�a

RT

)]
(21)

here ˇa and ˇc are the anodic and cathodic charge-transfer coef-
cient, respectively. The results of these derivations, assuming that
eaction (R1), (R2), (R3) or (R4) may be the rate limiting reaction,
re shown in Table 1. Note that different expressions are obtained
or the exchange current density, their dependence on the par-
ial pressure of the reactants and product, and the charge-transfer
oefficients. The form of these expressions are important in deter-
ining the actual rate limiting reaction under different operating

onditions, as shown next.
Zhu et al. [9] derived the BV type i–�a relationship assuming

hat Reaction (R3) is rate-limiting, and used that expression in their
odeling analysis. They based their choice on the argument that

he hydrogen adsorption rate is several orders of magnitude higher
han the current density of interest [15,16] and hence cannot be
ate-limiting. In the following we show that this is indeed a good
hoice for the rate limiting reaction over a wide range of current

ensity, but not necessarily at high current density.

We analyzed the possibilities that reactions other than Reaction
R3) can be rate-limiting, especially at high current density, and
xamined the possibility that hydrogen adsorption Reaction (R1)
ay be the rate-limiting. For this purpose, we need to show that

v
t
e
o
f

2lTPBFk3,c(K3K2)1/4
(

K5
K4

)3/4
1.5 0.5

2FlTPBk4bK5 2 0

ther reaction rates match the expected values of the current den-
ity. In the following, we calculate the hydrogen adsorption rate
ased on the estimate of the TPB area using recent 3D reconstruc-
ion of the anode/electrolyte interface.

(a) TPB area:
Recently, a 3D reconstruction of the anode was obtained by

stacking the 2D scanning electron microscopy (SEM) images
in 3D space. From the 3D reconstruction, the volume-specific
TBP length was directly determined. It was found to be
4.28 × 1012 m−2. For the electrochemical reactions to take place,
the TPB must be connected to the rest of the structure. That
is, the pores must be connected through the surrounding pore
network to the fuel stream, the Ni phase connected to the
surrounding Ni phase then ultimately to the current collector,
and the YSZ phase connected to the bulk YSZ electrolyte. It is
reported that 63% of TPBs were interconnected [17]. Moreover,
it was argued that the TPB width is in the range of 10−9–10−10 m
in [18] and 5 × 10−10 m in [1]. The active depth of the anode is
O(10 �m) [19]. Based on these values, the TPB area per electrode
area can be calculated as follows:

ATPB

Aelectrode
= 0.63 × (4.28 × 1012) × (10 × 10−6) × (5 × 10−10)

= 0.013 (22)

b) Hydrogen adsorption rate at the TPB:
Using the sticking coefficient of hydrogen on nickel, the

hydrogen adsorption rate can be computed from the following
expression [20]:

R1 = 10−2

√
�T

2	MH2

cH2 �2
v (23)

where �v is a vacancy coverage.
The concentration of hydrogen in the gas channel is in the

order of several mol m−3. If all the adsorbed hydrogen reacts,
the order of magnitude of the resulting current density is as
follows:

i = ATPB

Aelectrode
× F × R1 ∼ O (1 A cm−2) (24)

This result shows that the hydrogen adsorption rate and the cur-
ent density of interest are indeed comparable. Thus, at high current
ensity, hydrogen adsorption at the anode may be the rate limiting
eaction. We should mention, however, that the current density
stimated in Eq. (24), based on the TPB area and the adsorption
ate of hydrogen on this area, may be too high. For instance, since
TPB is the combined area of nickel and YSZ surfaces, the actual
rea of Ni surface for hydrogen adsorption may be smaller than the

alue given in Eq. (22). Furthermore, the present model assumes
hat only hydrogen can be adsorbed on the nickel surfaces. How-
ver, other species such as H2, H2O, OH, and O can also be adsorbed
n nickel surfaces [1]. Considering the actual available Ni sur-
ace area of the TPB for hydrogen adsorption, and the competitive
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dsorption of other species, we conclude that the hydrogen
dsorption rate, under the condition of high current, can be the rate-
imiting reaction. Thus, the case when Reaction (R1) is rate-limiting
t high current density is included in our analysis. As shown next,
ther considerations must be taken into account in defining the rate
imiting reaction.

Determining the actual rate limiting reaction among Reactions
R1)–(R4), requires careful analysis, which is based on several
bservations and/or matching the form of the corresponding
utler–Volmer equation to experimental data. Experimental results
ave shown a number of trends that are relevant to the anode
harge-transfer reaction.

1) The anodic charge-transfer coefficient, ˇa, is greater than
the value often assumed when a single rate-limiting charge-
transfer reaction is used over the entire range of current
density; that is, it is greater than 0.5.

2) It has been reported that small amounts of water added to
the fuel gas accelerates the electrochemical charge-transfer
reaction, known as the catalytic effect of water [14,16,21]. Con-
sidering the global reaction in the anode, the partial pressure
of hydrogen, a reactant, is expected to have a positive reaction
order, while the partial pressure of water, a product, is expected
to have a negative reaction order. This is, however, contrary to
what is observed experimentally; as it is, water promotes the
electrochemical reactions.

If Reaction (R3) or (R4) is assumed to be the rate-limiting pro-
ess:

(i) the anodic charge-transfer coefficient in the BV becomes 1.5 or
2, respectively, when anodic and cathodic charge-transfer coef-
ficients of the elementary charge-transfer steps are assumed to
be 0.5, and

ii) the reaction order of water in the exchange current density
becomes positive.

Thus, either reaction could be rate limiting and compatible with
he above observation. However, there is a distinction. If Reaction
R4) is assumed to be the rate-limiting reaction, the exchange cur-
ent density does not depend on the hydrogen concentration and
he cathodic charge-transfer coefficient reduces to zero. According
o de Boer, the anodic charge-transfer coefficient in most cases was
lose to 1.5 for cermet anode. For the cathodic branch, the charge-
ransfer coefficient is approximately 0.5–1.0. Furthermore, for Ni
atterned anodes, a considerable influence was found for pH2 on
he polarization resistance, especially at a very low partial pressure
f hydrogen [21]. Thus, we conclude that the analytic expression of
he Butler–Volmer form exhibits a better agreement with experi-

ents when Reaction (R3) rather than Reaction (R4) is assumed to
e the rate-liming reaction.

.2.2. Cathode activation overpotential
The overall oxygen reduction and incorporation at the

lectrode–electrolyte interface can be written as
1
2 O2(g) + VO

•• (el) + 2e−(c) ↔ OX
0 (el)

here VO
••(el) and OX

0 (el) denote the oxygen vacancies and lattice
xygen ions in the bulk of the electrolyte and e−(c) are the elec-
rons within the cathode. As with the oxidation of hydrogen at the
node, the global reaction is the result of elementary steps. Here, it

s assumed that oxygen reduction proceeds in two steps [9]:

Adsorption/desorption:

O2(g) + 2(c) ⇔ 2Oad(c) (R6)
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Charge-transfer and incorporation at the TPB:

Oad(c) + VO
•• (el) + 2e−(c) ⇔ OX

0 (el) + (c) (R7)

In these reactions Oad(c) is the adsorbed atomic oxygen on the
cathode surface and (c) is an unoccupied cathode surface site.

Assuming that the charge-transfer coefficients are 0.5, the BV
orm of i-relationship simplifies to

= i0

(
exp

(
F�a

2�T

)
− exp

(
− F�a

2�T

))
(25)

0 =
2lTPBFk1/2

7,c k1/2
7,a (pO2 K6)1/4

(K1/2
6 + p1/2

O2
)

(26)

y writing

∗
O2

= 2lTPBFk1/2
7,c k1/2

7,a (27)

he exchange current density is expressed as

0 = i∗O2

(pO2 /K6)1/4

1 + (pO2 /K6)1/2
(28)

or an LSM–YSZ interface, K6 is represented in Arrhenius form [22]:

6 = AO2 exp

(
EO2

�T

)
(29)

n which AO2 = 4.9 × 108 atm and EO2 = 200 kJ/mol.
Even though there is a discrepancy in the exponent of oxygen

artial pressure in the numerator, Eq. (28) matches well the exper-
mental results given by [22]:

0 = i∗O2

(pO2 )1/2

1 + (pO2 /K6)1/2
(30)

he parameter i∗O2
is taken here as an adjustable parameter that

s varied to match the experimentally observed cell performance
eported by Jiang and Virkar [7] under one set of conditions. It is
hen used unchanged to predict the cell performance under other
onditions.

.3. Ohmic overpotential

Sources of ohmic losses in a fuel cell are the ion flow resistance
cross the electrolyte and the electronic flow resistance across the
lectrode. The electrolyte has several order-of-magnitude higher
esistivity than the electrodes and the interconnect. Thus, in an
OFC, the ohmic polarization is typically dominated by ion resis-
ance thorough the electrolyte. The ohmic overpotential can be
xpressed as [23]:

ohm = ieRel (31)

el = lel


el
= (˝ cm2) (32)

el = 
0T−1 exp
(

− Eel

RT

)
= (S cm−1) (33)

. Simulation procedure
The model described in Section 2 is used to determine the cell
oltage for a given current density, from zero current to the limiting
urrent. The cell potential is expressed as the difference between
he equilibrium potential Erev and the sum of all the relevant over-
otentials, which depend on the current density.
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The solution proceeds as follows.

1) We calculate the equilibrium potential based on the global elec-
trochemical reaction at zero current.

The equilibrium potential depends on the fuel and oxidant
compositions in the corresponding channels, temperature and
pressure.

2) We calculate the concentration overpotentials.
• First we set up the boundary conditions:

The boundary conditions at the channel–electrode inter-
face are established by requiring the gas-phase species
concentrations to match those in the gas channel. At the
anode/electrolyte interface, the boundary condition of each
gas species depends on the charge-transfer chemistry, and
hence the current density.

Jk = �k
i

zF
(34)

• We calculate the molar flux, Jk using the current values of
the concentrations by substituting in the DGM, which is rear-
ranged in the matrix form as follows:

−∇ci − B0

�v
mix

ci

De
iM

∇P =
∑
j( /= i)

1
ctDe

ij

(cjJi − ciJj) + Ji
De

iM

= [H][J]

(35)

where [J] is a flux column vector and [H] matrix is defined as

hkl =

⎡
⎣ 1

De
kM

+
∑
j /= k

Xj

De
kj

⎤
⎦ ıkl + (ıkl − 1)

Xk

De
kl

(36)

Because the pressure is determined using the ideal gas law, the
eft hand side of Eq. (35) is calculated from the present values of
he concentrations of gas species and the concentration boundary
onditions at the channel, estimating �ci using forward difference
pproximation. The matrix [H] in the right hand side of Eq. (35) is
xpressed in terms of the diffusion coefficients and the mole frac-
ions in Eq. (36) and calculated in the same way. Hence, the molar
ux can be calculated as

J] = [H]−1[LHS] (37)

e then substitute Jk in the following conservation equation of the
as species:

∂ck

∂t
= Asṡsurf,k − ∇ · Jk (k = 1, . . . , Kg) (38)

∂csurf,k

∂t
= ṡsurf,k (k = 1, . . . , Ks) (39)

he conservation equations, Eq. (38) and (39), become a set of ordi-
ary differential equations when Eq. (37) is cast into a finite-volume

orm using the flux boundary conditions at the interface. The elec-
rodes are approximated as continuous media, with homogenized,
olume averaged properties.

We calculate ṡk using the heterogeneous thermochemistry model
based on the current values of the concentrations of the gas and
surface species.

The ODEs of the gas species and surface species are solved
simultaneously using ‘ode15s’ function in MATLAB® with the
Gear’s method option on.

We calculate the concentrations at the interface between the
electrodes and the electrolyte when the solution reaches steady
state.
We calculate the concentration overpotentials for each electrode,
�con,a and �con,c.

e

c
u
r

ig. 1. Terms in the DGM that have been modified and the impact of the changes in
he coefficient on the contribution of the corresponding terms to the concentration
radient.

3) We calculate the activation overpotentials for each electrode:
The activation overpotentials, �a,a and �a,c, are computed

from BV type i–V relations for the anode and cathode, respec-
tively. �a,a and �a,c are determined from the nonlinear solver
function, ‘fsolve’ function in MATLAB®.

4) The ohmic overpotential is calculated using Eq. (33).
5) The cell voltage is calculated using Eq. (2).

. Simulation results

Among the numerous 1D MEA models developed to describe
he transport–chemistry interaction within the different elements,
he model of Zhu et al. [9] is the most detailed one. Our model,
hile using the same equations, modifies the transport and acti-

ation overpotential models to improve their accuracy, as shown
elow. In order to evaluate the effect of each improvement, we com-
ute i–V curve using a single rate-limiting reaction mode across the
ntire current density range, similar to that used in Zhu et al. [9].
hus, Reaction (R3) is assumed to be the rate-limiting reaction over
he entire range of current density. The button-cell experimental
esults by Jiang and Virkar [7] are used to establish the empirical
arameters, i∗H2

and i∗O2
, in the electrochemistry model by fitting the

EA experimental performance when mixtures of hydrogen and
team are fed to the anode. First, we demonstrate the limitation of
his model, even after modifying the transport coefficients. Next,
e use two different reactions as rate-limiting reactions, Reaction

R3) at low current density and Reaction (R1) at high current den-
ity, and show that this model predicts the limiting current density
ore accurately.

.1. Model with a single rate-limiting reaction

First, we investigated the impact of the corrected transport coef-
cients, and compared the results with those obtained in [9]. We
orrected the effective Knudsen diffusion coefficient based on [3]
nd adopted the permeability reported in [6]. The effective Knudsen
iffusion coefficient used in [9] is a factor of 2 larger than reported

n [3]. Furthermore, the permeability used in [9] is smaller than the
ermeability calculated using the Carman–Kozeny model shown in
q. (19) by a factor equal to 0.4�.

The values of the corresponding terms impacted by these coef-
cients are two to three times larger than those reported in [9],
ased on a tortuosity of 3.5. Each term that has been modified in
ur model is underlined in Fig. 1 and the approximate influence of
ach term is shown in the boxes below the term.
To assess the impact of the corrected Knudsen diffusion coeffi-
ient and the permeability in the DGM model, the same fuel cell
sed in [9] is modeled with the same fitting parameters in Table 2
eported in that paper.
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Table 2
Simulation parameters.

Parameters Value Units

Parameters for an SOFC MEA structure
Anode

Thickness (la) 1220 �m
Porosity (ε) 0.35
Tortuosity (�) 3.50
Average pore diameter (d0) 1.00 �m
Average particle diameter (dp) 2.50 �m
Specific catalyst area (As) 1080 cm−1

i∗H2
(Reaction (R3) is rate-limiting) 8.5 A cm−2 atm−3/4

i∗H2
(Reaction (R1) is rate-limiting) 15.963 A cm−2 atm−1

Cathode
Thickness (lc) 30 �m
Porosity (ε) 0.35
Tortuosity (�) 3.50
Average pore diameter (d0) 1.00 �m
Average particle diameter (dp) 2.50 �m
i∗O2

2.8 A cm−2 atm−1/2

Electrolyte
Thickness (lel) 25 �m
Activation energy of O2− (Eel) 8.0 × 104 J mol−1

Pre-factor of O2− (
0) 3.6 × 105 S cm−1
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[7]. However, even with these corrections, the model fails to accu-
rately predict the value of the limiting current density. In the next
Operating conditions
Pressure 1 atm
Temperature 1073 K

Fig. 2 shows substantial difference between our model predic-
ions using the corrected coefficients and those reported in [9],
specially at the higher current density when the concentration
verpotential is most relevant. For three different fuel concentra-
ions at the anode, our model reaches the limiting current density
aster than that reported in [9], and the difference is larger for higher
uel concentrations.

These results can be explained as follows. As the current density
ncreases, the molar flux and the pressure gradient become larger
eading to higher values of the magnitudes of the J term and the

0 term in Fig. 1, making the impact of the two coefficients more

mportant. When we calculated the J term and B0 term while chang-
ng the current density from 0.2 to 3 A cm−2 for the case where the
ydrogen composition is 50%, the values of these two terms were

ig. 2. Comparison between the polarization curves computed using our model and
hose reported in [9].

s
d

F
r

ig. 3. Comparison between the experimental data [7] results shown by a contin-
ous line, our model results shown by open circles and Zhu et al. [9] model results
hown by a broken line when the anode stream is 50% H2 + 50% H2O.

ound to increase by an order of magnitude. Most of the difference
etween our model results and those reported in [9] comes from
he J term which includes the Knudsen diffusion coefficient. On the
ther hand, the B0 term is not as significant because the perme-
bility is small, O(10−15), even though pressure gradient is high,
(106).

Figs. 3 and 4 show that correcting the transport parameters leads
o a better match with the experimental results of Jiang and Virkar
ection, we show that using a different reaction step at high current
ensities can further improve the model prediction.

ig. 4. Comparison between our model results, shown by lines, and experimental
esults of Jiang and Virkar [7], shown by open circles, rectangles, and triangles.
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As shown in Eq. (40), a significantly higher activation overpotential
is required to support a current density close to the exchange cur-
rent density. Therefore, the limiting current density is very close to
the exchange current density.

Table 3
Rate-limiting switch-over point.
ig. 5. The anode activation overpotential; the continuous line corresponds to the
ase when Reaction (R1) is rate-limiting and the broken line corresponds to the case
hen Reaction (R3) is rate-limiting while the anode stream is 50% H2 + 50% H2O.

.2. Model with the rate-limiting reaction switch-over

Arguments, shown in Section 2.2.1, supporting the use of Reac-
ion (R3) as the rate-limiting reaction may not be valid near the
imiting current density. It has been claimed, based on exper-
mental results in [16,21], that the adsorption of hydrogen at
he anode may be rate-limiting process. We have also presented
rguments to the effect that hydrogen adsorption can be the rate-
imiting reaction under the condition of high current density. At
igh current density, a vast amount of water is produced and may
ompete against hydrogen for adsorption sites, reducing hydrogen
dsorption rate [1]. Therefore, we propose a new model in which
he rate-limiting reaction switches from the hydroxyl oxidation
harge-transfer reaction, Reaction (R3), to the hydrogen adsorption
eaction, Reaction (R1), near the limiting current density.

Fig. 5 shows the anode activation overpotential when Reaction
R1) or (R3) is assumed to be the rate-limiting reaction over the
ntire range of current density. Results show that at lower current
ensities, Reaction (R3) overpotential is indeed the larger value
ecause it is the more sluggish reaction. However, as the current
ensity increases, the concentration of hydrogen at the interface
ecreases resulting in the reduction of the exchange current den-
ity and Reaction (R1) overpotential rises sharply. This is consistent
ith the form of the BV equations shown in Table 1: the power of

he hydrogen concentration in i0 is 1 when Reaction (R1) is assumed
o be the rate-limiting reaction, while it is 1/4 when Reaction (R3) is
ssumed to be the rate-limiting reaction. When hydrogen adsorp-
ion is rate-limiting, the anode activation overpotential soars as the
xchange current density decreases because of the drop in hydro-
en concentration.

In the following calculation, we use the point of intersection
f the two curves in Fig. 5 as the switch-over point between two
eactions, that is, the point at which we assume that Reaction (R3)
s no longer the rate-limiting reaction, and instead Reaction (R1) is
he rate-limiting reaction.

Results of our extended model are shown in Fig. 6. The results of
he extended model agree better with the experimental measure-
ents, although the limiting current density is now slightly under
redicted, especially in the case of higher hydrogen concentration.
his can be explained as follows. When Reaction (R1) was assumed
o be the rate-limiting reaction, the numerical value of i∗H2

in Table 1

H

ig. 6. Comparison between our model and experimental results by Jiang and Virkar
7].

as obtained by fitting the experimental results for the case of 34%
2 in the anode stream (and 66% H2O). This value of i∗H2

was then
ssumed to be independent of the hydrogen concentration and was
sed in all the other cases, i.e. for 20% and 50% H2 in the anode
tream. Note that i∗H2

pH2 is the hydrogen adsorption rate. Assuming
hat i∗H2

is constant is consistent with the assumption in Section
.2.1 that only hydrogen can adsorb on the Ni surface. However,
hen we consider the competitive adsorption on the Ni surface, the

PB may be covered with more water molecules when the water
oncentration in the anode stream is higher. Thus, i∗H2

may depend
n the concentration of H2O and its value may be higher, instead
f being constant, when there is 50% H2O in the anode stream than
hen there is 66% H2O. In other words, the activation overpotential
ay be over predicted in the case of 50% H2 when the value of i∗H2

is
stimated using the experimental data with 34% H2. This explains
hy the limiting current density is slightly under predicted in Fig. 6
hen the anode stream is 50% H2.

When the hydrogen adsorption at the anode is taken to be
he rate-limiting reaction, the exchange current density corre-
ponds directly to the current density of the cell if all the adsorbed
ydrogen is consumed in the electrochemical reaction, as shown

n Table 1. In other words, the exchange current density is the
aximum possible current density when the hydrogen adsorp-

ion reaction is rate-limiting. This is consistent with the i–�act,a

elationship when Reaction (R1) is assumed to be rate-limiting:

= i0

[
1 − exp

(
−2F�act,a

RT

)]
(40)
ydrogen composition ilim it (A cm−2) iswitch (A cm−2) @ i0/i = 1.67 iswitch/ilim it

50% 2.5273 2.02 0.79
34% 1.7465 1.40 0.80
20% 1.05 0.85 0.81
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is significant. When the fuel composition is 20% H2, all overpoten-
tials, except the cathode concentration overpotential, have nearly
the same magnitude in the region away from the limiting current
density. For all cases, as expected, the cathode concentration over-
potential is negligible.
ig. 7. The contributions of the five overpotentials when the anode stream is 50%
2 + 50% H2O.

Table 3 shows the computed limiting current density, ilim it, and
he switching current density, iswitch, that is the current density at
hich we switch between Reactions (R1) and (R3). Results show

hat iswitch = 0.6i0. Calculations in Table 3 show that the switching
urrent density is nearly 80% of the limiting current density.

We conclude this section by restating the result of using dif-
erent reactions as rate-limiting in different ranges of the current
ensity. When the hydrogen adsorption rate is sufficiently fast to
upport the current density, such as 1.67 times the current den-
ity, the anode activation overpotential is determined by Reaction
R3). As the current density increases and the corresponding hydro-
en adsorption rate decreases below this level, the rate-limiting
eaction switches to Reaction (R1). In this regime, the anode acti-

ation overpotential rises abruptly with the current density and the
lectrochemical reaction proceeds very slowly until it is no longer
ossible.

ig. 8. The contributions of the five overpotentials when the anode stream is 34%
2 + 66% H2O.

F
t
t
a

ig. 9. The contributions of the five overpotentials when the anode stream is 20%
2 + 80% H2O.

.3. Contribution of each overpotential

Figs. 7–9 show the contributions of each overpotential when
he hydrogen concentration at the anode gas channel is 50%, 34%,
nd 20%, respectively. When the hydrogen composition is 50% or
4%, the ohmic overpotential and the cathode activation overpo-
ential have almost the same magnitude, which is twice as large
s the anode concentration overpotential. They are also more than
wice as large as the anode activation overpotential, except near
he limiting current density where anode activation overpotential
ig. 10. Comparison between the experimental results by Jiang and Virkar [7] and
he calculated operating cell voltages corresponding to the single rate-limiting reac-
ion mode and the rate-limiting reaction switch-over mode, respectively, when the
node stream is 34% H2 + 64% H2O.
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Table 4
The hydrogen concentrations at the channel, and the limiting current densities and the corresponding hydrogen concentrations at the interface for the single rate-limiting
reaction mode and the rate-limiting reaction switch-over mode.

Channel Single rate-limiting Rate-limiting switch-over

Mole fraction (%) Concentration
(mol m−3)

Limiting current
density (A cm−2)

Concentration @ interface
(mol m−3)

Limiting current density
(A cm−2)

Concentration @ interface
(mol m−3)
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0 2.17 1.55 0.002
4 3.74 2.56 0.002
0 5.53 3.65 0.017

For all known hydrogen/oxygen fuel cells, regardless of elec-
rolyte type, it is believed that electrochemical reactions at the
athode are rate limiting and the activation overpotential is almost
ntirely due to cathode [24]. This is because hydrogen electro-
xidation is extremely rapid on a wide range of catalysts. However,
ur results show that the ohmic overpotential has the same
agnitude as the cathode activation overpotential. The ohmic over-

otential is dominated by the ionic resistance in the electrolyte,
hich is a thermally activated vacancy hopping mechanism. The

elatively lower operating temperature of 800 ◦C might explain
hese results. As we expect, the cathode activation overpotential
s larger than the anode activation overpotential.

However, we also see that the electrochemical reaction can-
ot be sustained near the limiting current density because of the
node activation overpotential. It is often assumed that the con-
entration overpotential captures the impact of transport and the
ctivation overpotential accounts for electrochemistry. Thus, it has
een argued that the limiting current density occurs because of
ransport limitation, and the limiting current density has been
xplained using the rapid increase of the concentration overpoten-
ial. However, the activation overpotential also reflects the impact
f the transport since the exchange current density depends on the
oncentrations. Fig. 10 shows a comparison between the experi-
ental results by Jiang and Virkar [7] and the calculated operating

ell voltages using the single rate-limiting reaction mode and the
ate-limiting reaction switch-over mode, with their correspond-
ng dominant overpotential. For the single rate-limiting mode, the
imiting current density is governed by the rapid increase in the
oncentration overpotential when the hydrogen concentration at
he interface approaches almost zero, as shown in Table 4. In
he rate-limiting reaction switch-over mode, the sharp increase
n the activation overpotential occurs before the rapid increase
n the concentration overpotential. The hydrogen concentrations
t the interface are not low enough to force the rapid increase
n the concentration overpotential, as shown Table 4. However,
he current density is close enough to the exchange current den-
ity to cause a sharp increase in the activation overpotential.
ence, the limiting current density is governed mainly by the
ctivation overpotential rather than the concentration overpoten-
ial.

. Conclusions

The model presented in this paper, which is similar in construc-
ion to the model presented in [9], is based on the DGM, detailed
eterogeneous thermo-chemistry models, and detailed electrode
inetics models. We corrected the effective Knudsen diffusion
oefficient and the permeability values, and showed improved pre-
ictive accuracy. We additionally analyzed the possibilities that

different intermediate step in the hydrogen electrochemical

xidation model is rate-limiting and proposed the rate-limiting
witch-over model. The new model substantially improves the pre-
iction of the limiting current density and shows better match with
xperimental results.

[

1.05 0.738
1.75 1.256
2.03 1.817

Still, there are many improvements that can further contribute
o the model accuracy. A uniform temperature is imposed through-
ut. However, non-uniform heat release due to thermo-chemistry
nd various overpotential losses may introduce temperature non-
niformity. Note that the steam reforming is highly endothermic,
nd the ohmic resistance associated with ion transport through
he electrolyte and the electrochemical reactions are exother-

ic.
Recently, it was reported that adding an interlayer between the

lectrode and the electrolyte improves the performance of SOFC
25]. Even though Zhao and Virkar [26] analyzed the impact of the
nterlayer, more work is needed to explain the role of the interlayer.

Although our anode transport and thermo-chemistry models
ssumed that the fuel is methane and the anode is Ni/YSZ, it
as validated only for hydrogen. Using methane as a fuel, it has
een observed that SOFC is rapidly deactivated due to carbon
eposition on the anode because nickel in the anode catalyzes
he formation of graphite from hydrocarbons and its deposi-
ion on the surface. However, almost all experimental results
f SOFC using methane as a fuel were conducted while using
opper in the anode material [27–30] to prevent carbon depo-
ition. Those results with a different catalyst, copper, prevent
s from validating our model applying the detailed heteroge-
eous kinetics of methane on the nickel surface. The detailed
eterogeneous kinetics of methane on the copper surface may be
aluable.

The concentrations imposed as boundary conditions at channels
ight be different from those in the inlet flow stream considering

he flow pattern inside the button cell experiment. The inaccurate
oncentration boundary condition at channels might contribute to
iscrepancies between the model simulation results and experi-
ental results.
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