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Ba Ce0:8Y0:2ð ÞO3�d anode-supported proton conductive solid oxide fuel cells (H-SOFC) were fabricated and tested under different
H2 and O2 partial pressures and temperatures. An electrochemical model developed from Boltzmann statistics was derived to study
the VðiÞ of the H-SOFC and proton conductive solid oxide electrolyzer (H-SOEC). Our model has successfully fit the VðiÞ curves
to our variety of H2/O2 partial pressure expermental data with only one adjustable parameter. By using the model, the parametric
analyses suggest the major possible and easiest way to improve the already good performance of the H-SOFC is reducing its elec-
trolyte thickness. Other than that, the performance of H-SOFC is mostly restricted by the attempt current density c, which means
the cathode of the H-SOFC limits the performance of the whole cell. The H-SOFC performance can be enhanced by carefully engi-
neering its cathode to increase its triple phase boundaries or finding a cathode material that enables more O2 molecules to be
adsorbed and dissociate into available O atoms on the cathode surface.
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Solid oxide fuel cells (SOFCs) provide clean and efficient gener-
ation of electricity using a variety of fuels. Present SOFCs operate
in the 800–1000�C temperature range, however, strong efforts
are being made to lower the operating temperature down to the 800–
600�C range. By lowering the operating temperature down to near
600�C, stainless steel can be used for the interconnect to minimize
system cost and also reduce problems such as thermal expansion
mismatch, atomic migration, and corrosion. The lower activation
energy for proton conductivity compared to oxygen ion conductiv-
ity, allows proton conductive solid oxide fuel cells (H-SOFCs) to be
operated at a relative low temperature. Furthermore, total fuel utili-
zation without a complicated hydrogen recirculation system is plau-
sible for the H-SOFCs, which helps make them more attractive
than the conventional oxygen ion conductive solid oxide fuel cells
(O-SOFCs).

Presently, a lot of experimental work but not much electrochemi-
cal modeling has been done on the H-SOFCs. In this paper, we use
molecular dynamics to model the i-V (current density vs. voltage)
curve instead of using the Nernst and Butler–Volmer equations. The
analysis of the i-V curve for the H-SOFCs is based on the concept of
exchange current density, i0. The exchange current density is
defined for open-circuit operation in which equal and opposite cur-
rent densities in the system result from the equal forward and
reverse reaction rates at the anode-electrolyte and cathode-electro-
lyte interfaces. Accordingly, there are two exchange current den-
sities, i0a from the reaction at the triple phase boundary (TPB) where
the anode, anode pores, and electrolyte meet, and i0c from the reac-
tion at the TPB where the cathode, cathode pores, and electrolyte
meet.

For closed-circuit operation, we continue to use the concept of
forward and reverse reactions and their corresponding current den-
sities. The net current density across the cell comes from the differ-
ence between the forward and reverse current densities, each of
which is described as the product of an attempt current density and a
reaction success probability.

By normalizing these reaction success probabilities, we obtain
expressions for current density as a function of anode or cathode
activation polarization that give us the correct saturation current
density in the limit of large applied voltage in both the SOFC and
SOEC mode.

Our VðiÞ expression is found by including concentration polar-
ization VconcðiÞ; which accounts for variation with i of gas concen-
trations at the anode-electrolyte and cathode-electrolyte interfaces.
We also include ohmic polarization VohmðiÞ by introducing proton

and electronic conductivity of the electrolyte, which accounts for
ohmic voltage drops from transporting ions and electrons through
the electrolyte. Finally, we use our H-SOFC experimental data to
check the accuracy of our model.

Experimental

The Ba Ce0:8Y0:2ð ÞO3�d powder was prepared by solid state reac-
tion. Stoichiometric amounts of barium carbonate (BaCO3, 99.8%),
cerium oxide (CeO2, 99.97%), and yttrium oxide (Y2O3, 99.99%)
from Inframat Advanced Materials were mixed by an agate auto-
grinding machine for two hours. Then, the powder was calcined at
1100�C for 15 h to form the perovskite phase. An X-ray diffraction
(Scintag, XGEN-400) with Cu Ka (k¼ 1.5418 Å) was used for
checking the formation of Ba Ce0:8Y0:2ð ÞO3�d. The auto-grinding
and calcining processes were repeated until a single phase of the
material was confirmed by the X-ray diffraction.

To prepare supporting anodes, the Ba Ce0:8Y0:2ð ÞO3�d powder
was weighed and mixed with NiO at volume ratio 1:2. In addition to
ceramic powders, 10 wt % cornstarch of the total solid load was
added to the powder and auto-grinded for 2 h to serve as pore for-
mer. The powder was uniaxial die-pressed with a 3=4” die to form
green pellets to serve as supporting anodes. Then the anode inter-
layer, with a 1:1 volume ratio of Ba Ce0:8Y0:2ð ÞO3�d to NiO, and the
electrolyte, Ba Ce0:8Y0:2ð ÞO3�d, were planetary ball milled with
ethanol for 4 h at 150 rpm. After drying in the oven, the powders
were mixed with alpha terpinol, ethylcellulose, oleic acid and xy-
lene using a three roll miller to form inks. The inks were paint
brushed on the supporting anode. After the drying of electrolyte ink,
the pellets were re-pressed by the uniaxial die press. To prevent bar-
ium evaporation at elevated temperature, Ba Ce0:8Y0:2ð ÞO3�d powder
was used to cover the cells when sintering, about 5 mm thick of
Ba Ce0:8Y0:2ð ÞO3�d powder on the top and below the cell. The cells
were then sintered in air at a temperature of 1400� for 5 h to form a
well-bonded electrolyte-anode structure. Cathode material ink,
La0:8Sr0:2MnO36d (LSM), was then applied on the sintered pellets
by paint brush and fired to 900�C in air for 2 h to form a good bond
between cathode and electrolyte.

A home-made seal-less testing system made from Inconel 600
was used for the measurements. Silver mesh and nickel foam were
used as cathode and anode current collectors, respectively. Silver
paste was used to adhere the current collectors to the electrodes of
the tested cell. The total input gas flow rates on each side were con-
trolled by MKS mass flow controllers at 200 ml�min�1 in all experi-
ments. The water vapor concentration in fuel gas was about 3% by
flowing the fuel gas through a water bubbler at room temperature.
Measurements were carried out at temperature between 650 and
800 �C with 50�C temperature steps in ambient pressure. The cells
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were reduced in situ at high temperature in a 60% H2þ 40% N2

mixture for more than an hour prior to the measurements. All per-
formance of the cell was measured using various fuel gas mixtures,
i.e. at various partial pressures of H2/N2 ratio in fuel gas while the
total flow rate of the gas was kept constant at 200 ml min�1. The
current densities were calculated based on the cathode area.

Porosity of the supporting anode was measured using Archi-
medes’ method. The tested cell, after being cooled in a reducing
atmosphere to prevent NiO formation, was broken into two pieces.
One of the pieces was polished to erase the cathode and electrolyte
layers and cleaned with an ultrasonic bath in ethanol. The sample
was then kept in a dry oven at 95�C for more than 2 h to evaporate
the ethanol. Dry weight, Wdry, wet weight, Wwet, and weight satu-
rated with ethanol, Wsat, were measured using a high accuracy bal-
ance. Prior to measuring Wwet in ethanol, the sample was immersed
in ethanol and kept in vacuum for 10 min to remove possible air in

the pores. The Wsat was measured in air soon after the surface of the
sample was shaken dry. The open porosity was calculated by using
the equation

Porosity ð%Þ ¼ Wsat �Wdry

Wsat �Wwet
� 100%

The other part of the cell was coated with epoxy that was allowed to
harden, and then was polished. Field Emission Scanning Electron
Microscopy (SUPRATM 55 Versatile High Performance FE-SEM,
Zeiss) was used to examine the microstructure of the cell. The mean
pore radius of the cell was determined by quantitative measurements
of the pore size on SEM images.

Results

Figure 1 shows the microstructure of the tested cell. The dense
electrolyte is �30 �m in thickness, to which adheres a �25 �m an-
ode interlayer. The average pore size of the supporting anode is
�1.42 �m in diameter, which was calculated quantitatively from
SEM pictures. The thickness of the supporting anode is about 1.15
mm with porosity �44%. The cathode thickness is �50 �m. The
effective cathode area of the cell is 0.57 cm2.

The temperature dependent electrochemical performance of an
anode supported Ba Ce0:8Y0:2ð ÞO3�d H-SOFC using 100% H2 as fuel
gas is shown in Fig. 2. The peak power densities are 1145, 953, 763
and 544 mW/cm2 at temperature 800, 750, 700 and 650�C, respec-
tively. This performance is very good, especially at low temperature
ranges when compared to oxygen ion conductor cells. For instance,
a cell with 10 �m thick 8YSZ electrolyte and LSM-8YSZ cathode
showed 850, 625, 430 and 275 mW/cm2 at temperature 800, 750,
700 and 650�, respectively.1 The high open circuit voltage, �1 V at
700�C, indicates the Ba Ce0:8Y0:2ð ÞO3�d electrolyte is sufficiently
dense; however, a much lower open-circuit voltage when compared
to Nernst potential suggests the electronic conduction was high at
high temperature. For Ba Ce0:8Y0:2ð ÞO3�d ceramic, a reducing oxy-
gen partial pressure resulted in a transition from dominant p-type
electronic to ionic conduction, followed by n-type electronic con-
duction. This is due to the redox reaction of Ceþ3/Ceþ4 in
Ba Ce0:8Y0:2ð ÞO3�d under reducing atmosphere, which increases the

Figure 1. Microstructure of Ba Ce0:8Y0:2ð ÞO3�d anode supported H-SOFC
from SEM image.

Figure 2. (Color online) Temperature de-
pendent electrochemical performances of
Ba Ce0:8Y0:2ð ÞO3�d anode supported cell
using 100% H2 as fuel.
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electronic conductivity of the electrolyte and results in lower
OCV.2–6 The electronic conductivity of BaðCe0:8Y0:2ÞO3�d
increases rapidly with increasing operating temperature, which
explains the bigger voltage difference of OCV between the theoreti-
cal emf and measured OCV at 800�C than 700�C.

The H2 partial-pressure-dependent i-V curves while air was used
on the cathode side at 700�C are shown on Fig. 3a. The convex i-V

curve of 20% H2 indicates concentration polarization came into play
when high current density was driven from the cell. The peak power
outputs increased dramatically from 20 to 60% H2 partial pressure
but saturated when higher H2 partial pressure gases was used, with
almost no change between 80 and 100% H2.

A series of oxygen partial pressure dependent tests at the cathode
side with 100% H2 as anode fuel gas is shown on Fig. 3b. It is

Figure 3. (Color online) Comparison of
experimental results for V(i) with our
model predictions for different (a) H2 par-
tial pressures of the anode inflow (using
air for the cathode) and (b) O2 partial
pressures at the cathode inflow (using
100% H2 for the anode).
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surprising that the cell can be run with O2 partial pressure as low as
5% without encountering serious cathodic polarization. This polar-
ization can be referred to as cathodic activation polarization since
the cathode is so thin that the oxygen partial pressure across the
cathode can remain constant as current density changes. A voltage
drop would be called cathodic concentration polarization only if ox-
ygen partial pressure drops across the cathode when the current den-
sity is increasing. The peak power outputs clearly increase with
increasing O2 partial pressure. However, if it is economically effi-
cient to use high O2 concentration gas instead of air to run the sys-
tem, the producing of steam on the cathode side of the H-SOFC
would require removing this steam if the unused oxygen is
recirculated.

Compared to our previous report,7 the cell performance here is
much better even with thicker electrolyte. Several reasons that can
lead to the thicker electrolyte cell having better performance include
lower tortuosity of supporting anode, better sintering temperature
for the cathode and using of silver paste on the cathode surface. The
major reason for this result was the use of silver paste. Different
tests, not shown in both papers, showed much better performances
when silver paste was used on the cathode. Two possible reasons
may explain why silver helps the performance. First, the silver
reduces the cathode ohmic resistance since silver is a good conduc-
tor. Second, silver helps the oxygen dissociation on the cathode ma-
terial and increases the cell performance. The effect of using silver
paste is beyond the goal of this paper and also needs further study.

Discussion

Basics of H-SOFC voltage contribution.— To simplify the mod-
eling, we idealize the H-SOFC as having a solid electrolyte that is a
pure proton conductor, and an anode that is a pure electronic con-
ductor. The cathode, LSM in our experiment, is also assumed to be
a pure electronic conductor, and it is further assumed that oxygen
molecules can dissociate on its surface and then neutral O atoms can
diffuse along the surface to the TPB.

The open-circuit emf V0 arises at the anode-electrolyte and
cathode-electrolyte interfaces where electrochemical reactions occur.
There is a third type of site, on the pore-cathode interface, where oxy-
gen molecules adsorb and dissociate into oxygen atoms that diffuse
along this interface to the TPB. However, there cannot be an emf
difference across this pore-cathode interface because the pore is an
insulator. For closed-circuit conditions, the three additional contribu-
tions besides V0 to terminal voltage V are commonly called activation
polarization Vact, concentration polarization Vconc and ohmic polariza-
tion Vohm. These three are taken as positive in the SOFC mode. They
become negative in the solid oxide electrolysis cell (SOEC) mode for
which i flow in the opposite direction. Then in both the SOFC and
SOEC modes, the terminal voltage is given by

V ¼ V0 � Vact � Vconc � Vohm [1]

In the SOFC mode, V is output voltage, while in the SOEC mode, V
is applied voltage.

For the open-circuit case, at the two interfaces, the forward reac-
tion rates are balanced by the reverse reaction rates. There is an
equivalent current density for each reaction, which is the product of
an attempt current density and a success probability. Thermody-
namically, the attempt current densities are related to entropy and
success probabilities to enthalpy and to voltage steps at the TPB.
For closed-circuit operation, even if the gas concentrations at the
interfaces remain unchanged, the forward and reverse reaction rates
must become imbalanced to allow net current to flow. This imbal-
ance is achieved by altering the success probability by means of
changing the potential step at each interface. This change in poten-
tial step is called the activation polarization for each interface. The
additional change in potential step if gas concentrations at the inter-
face alter when current flows is called the concentration polarization
for that interface. Finally, the ohmic polarization is the ohmic volt-

age drop due to the transfer of ions across the electrolyte and elec-
trons across the anode, cathode and electrolyte. The drop is mainly
distributed across the electrolyte, with weaker drops across the an-
ode and cathode.

Model for reactions and their equivalent current density
contributions.— Two of the three reversible reactions which con-
tribute to SOFC or SOEC output occur at the anode-electrolyte and
cathode-electrolyte interfaces. They are assumed to occur directly at
the triple phase boundary (TPB) sites, located on lines where pore,
electrolyte and electrode meet. The third reaction, oxygen adsorp-
tion and dissociation, takes place on the surface where pore and
cathode material meet. Of these three reactions for the H-SOFC
with H2 fuel and O2 oxidizer, only the first two reactions include
electron transfer.

Additional reactions occur that do not contribute electrons to the
external circuit, but contribute to protonation or deprotonation of
the electrolyte. One of these reactions, protonation via steam, uses
the steam produced in the SOFC mode, or any steam otherwise pres-
ent at the anode and/or cathode, to provide protons for the proton
conduction mechanism, Fig. 4. This protonation mechanism requires
at least a small amount of oxygen ion conductivity in the electrolyte,
in addition to the dominant protonic conduction. After equilibrium
proton concentration is achieved, this reaction can still transfer
steam across the electrolyte. For instance, even for open circuit if
there is steam supplied only to the cathode, a combination of con-
duction and diffusion of protons and oxygen ions across the electro-
lyte will transfer steam to the anode. An alternate protonation mech-
anism based on the H2 ! 2Hþ þ 2e� reaction at the anode
interface, occurs as a net reaction only during protonation and not
after equilibrium is reached, and cannot contribute to steam transfer
across the electrolyte. This reaction requires at least a small amount
of electronic conductivity. Accordingly, protonation requires either
some oxygen ion or electronic conductivity in the electrolyte to
maintain charge neutrality across the electrolyte, but only some oxy-
gen ion conductivity can account for steam creation at the anode
interface.

For the SOFC reactions at the cathode, we propose a three-step
mechanism, i.e. a two-step oxygen adsorption reaction,
O2ðgÞ $ O2ðsÞ $ 2OðsÞ, at the pore-cathode interface, where OðsÞ
signifies an O atom adsorbed on the cathode surface, and a reaction
2Hþ þ OðsÞ þ 2e� $ H2OðgÞ at the cathode-electrolyte TPBs. A
one-step cathode reaction, i.e. 4Hþ þ O2 þ 4e� $ 2H2O, cannot be
dominant because an O2 molecule is required to react with four pro-
tons and four electrons at a cathode TPB site at the same time to
form 2 H2O molecules. The concentration of protons in the electro-
lyte is low (<20%), so the probability of four protons simultane-
ously being within reaction distance is too low to provide the domi-
nant reaction mechanism. For the oxygen adsorption reaction, O2

molecules first adsorb onto the surface of the cathode ceramic and
subsequently dissociate into O atoms on the ceramic surface

O2ðgÞ $ O2ðsÞ $ 2OðsÞ [2]

Figure 4. Electrochemical reactions for an H-SOFC.
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We will model this two-step reaction as a single reaction. This reac-
tion does not need to be on a TPB; it can occur anywhere on the
cathode-pore interface since no electron transfer is involved. The
other reaction at the cathode is

2Hþ þ OðsÞ þ 2e� $ H2OðgÞ [3]

We assume that the electrolyte is a pure proton conductor, so this
reaction must occur at the cathode-electrolyte TPBs.

Reaction at anode side.— We first model the reaction at the
anode-electrolyte TPBs. The reaction is

H2 $ 2Hþ þ 2e� [4]

Consider a line of oxygen ion sites in the electrolyte along a TPB
line. We assume vele is the oxygen vacancy probability that the O2�

site is vacant in the electrolyte, and so 1� vele is the probability that
the O2� site is occupied. We designate maf as the anode forward
reaction rate, the probability per unit time that the forward reaction
in Eq. 4 will occur at each occupied site. Similarly, we designate mar

as anode reverse reaction rate.
One factor in maf is the attempt rate, the probability per unit time

maf 0 that an H2 molecule will strike a given occupied O2� site and
attempt to cause a reaction. Another factor is success probability
that the forward reaction of Eq. 4 will occur when the H2 molecule
strikes the O2� site. If the reaction occurs, it will release heat Ua

less the energy qVa required for two electrons of combined charge
magnitude q to travel across the potential difference Va between an-
ode and electrolyte. Thus, the net energy required for the reaction to
occur is qVa � Ua. If the reaction does not occur, the H2 molecule
bounces back into the anode pore.

Accordingly, the attempt rate is for a collision event that may or
may not lead to a reaction. Assume the probability of either a reac-
tion or no reaction can be described by classical (Boltzmann) statis-
tics. The un-normalized probability for the reaction event is
exp½�ðqVa � UaÞ=kT� and for no reaction event is one. Normaliz-
ing, and multiplying by maf 0, we obtain the reaction rate per O2� site

maf ¼ maf 0 exp½�ðqVa � UaÞ=2kT�=2 cosh½ðqVa � UaÞ=2kT� [5]

A similar expression, but with opposite sign for the argument of the
exponential, holds for the reverse reaction based on recombining
two protons in the electrolyte to form an H2 molecule

mar ¼ mar0 exp½ðqVa � UaÞ=2kT�=2 cosh½ðqVa � UaÞ=2kT� [6]

To find maf 0, we consider an H2 fuel gas concentration of nH2
at the

anode-electrolyte interface. Half of these H2 molecules travel to-

ward the surface with mean normal velocity component huyi. Then

the flux of H2 molecules onto the surface will be 1
2

nH2
huyi. We

know 1
2

kT ¼ 1
2

mH2
hu2

yi; so then huyi ¼ ðkT=mH2
Þ1=2; where mH2

is
the mass of the H2 molecule. Thus, the flux is 1

2
nH2
ðkT=mH2

Þ1=2
. The

perovskite structure (ABO3) has three O2� sites in each unit cell.
Accordingly, as an approximation for the surface density of O2�

reaction sites, we take the 2/3 power of the volume density, namely
ð3=a3

eleÞ
2=3 ¼ 32=3=a2

ele, where aele is the perovskite lattice constant,
0.4445 nm for Ba Ce0:8Y0:2ð ÞO3�d. We assume that all points on the
surface are close enough to an O2� site for a reaction to occur.
Then, each O2� site has reaction area a2

ele=32=3 m2 and the impinge-
ment rate per O2� site is

maf 0 ¼
1

2
nH2

�
kT

mH2

�1=2 a2
ele

32=3

� �
[7]

Only a fraction fa, to be estimated later, of oxygen sites sit on the
TPB and are available for the reactions at the anode-electrolyte TPB.

To further analyze the reaction of Eq. 4, we need to make
assumptions about the nature of protonic location and conductivity
in the perovskite structure. Two clues come from the two Pauling

ice rules. We consider them because the O� O separation in perov-
skites is similar to that in ice. Thus the protons should reside in off-
center positions in O� H � � �O H-bonds in perovskites, as they do
in ice. Pauling’s first rule is that there can be one and only one pro-
ton in each possible H-bond. In perovskites there are way too few
protons to fill the possible H-bonds, so a proton has no problem find-
ing an adjacent vacant bond to transfer to, as one of the steps in
protonic conduction. The other step is proton intrabond transfer,
O-H� � �O!O� � � H-O.

Pauling’s second rule is that two protons are close to a given ox-
ygen, and two farther away, in the four asymmetric H-bonds radiat-
ing out from that oxygen. Accordingly, individual H2O “molecules”
can be identified in the ice structure. Thus in the Eq. 4 reaction we
expect that such an H2O “molecule” involving one oxygen and two
H-bonds are formed.

We now analyze the hydrogen dissociation reaction of Eq. 4. We
need an oxygen ion, which has no proton attached to it, for this
dissociation of the H2 molecule to occur. The probability that an

O2� site is occupied by an oxygen ion is 1� vele. In the perovskite

structure, each oxygen ion has a volume a3
ele=3 associated with it. If

the proton concentration in the electrolyte is nH;ele, then per oxygen

site the joint probability of an O2� ion with one or two protons

attached to it is approximately ð1� veleÞ
�

a3
ele

nH;ele

3
þ a6

ele
n2

H;ele

9

�
, and

ð1� veleÞ
�

1� a3
elenH;ele

3
� a6

elen2
H;ele

9

�
for an O2� ion without any proton

attached to it. The current densities are related by a factor q to the
gas flow densities resulting in the reaction. By defining
a � ðUa � qVaÞ=2kT and putting all the factors together, we obtain

iaf ¼
1

2
nH2

kT

mH2

� �1=2 a2
ele

32=3

� �
� fa �

32=3

a2
ele

� �
� ð1� veleÞ

� 1� a3
elenH;ele

3

� �
�

a6
elen2

H;ele

9

 !" #
� q� ea=2 cosh a

¼ 1

2
nH2

�
kT

mH2

�1=2

faqð1� veleÞ 1� a3
elenH;ele

3

� �
�

a6
elen2

H;ele

9

 !" #

� ea=2 cosh a

¼ aea=2 cosh a; where a � 1

2
nH2

kT

mH2

� �1=2

faqð1� veleÞ

� 1� a3
elenH;ele

3

� �
�

a6
elen2

H;ele

9

 !" #
[8]

For the reverse reaction to be possible there must be two close pro-
tons in the electrolyte in the volume for one oxygen ion, which has a
probability a6

elen2
H;ele=9. Therefore, the density of oxygen ions with

two protons attached to them is

32=3ð1� veleÞ
a2

ele

�
a6

elen2
H;ele

9
¼ 32=3ð1� veleÞa4

elen2
H;ele=9 [9]

We consider a given reaction attempt is the probability that the reac-
tion occurs during a single period of a typical lattice vibration fre-
quency t: Above the Debye temperature H this frequency is approx-
imately equal to kH=h; where h is Planck’s constant. If H is not
known, it is common practice to use t ¼ 1013= sec as an approxima-
tion. This reverse reaction is also located on the TPB lines, so

iar ¼ ð32=3ð1� veleÞa4
elen2

H;ele=9Þfatqe�a=2 cosh a

¼ be�a=2 cosh a; where b � 32=3ð1� veleÞa4
elen2

H;elefatq=9

[10]

Here a and b are the anode attempt current densities. For open
circuit, we designate a; b; iaf ; and iar with subscript 0. The forward
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and reverse open-circuit reaction rates are equal because i
¼ iaf 0 � iar0 ¼ 0 in the electrolyte. These equivalent equal and
opposite forward and reverse current densities are commonly desig-
nated as i0, the exchange current density. In general, i0 has different
values for the reactions at the anode-electrolyte TPB, i0a, and the
cathode-electrolyte TPB, i0c. To find exchange current density i0a at
the anode, we know that

iaf 0 ¼ iar0 ¼ i0a [11]

From Eqs. 8 and 10 for the open-circuit case, together with Eq. 11,
we have

a0 expða0Þ ¼ b0 expð�a0Þ ¼ 2i0a coshða0Þ [12]

From Eq. 12 we obtain

a0 �
1

2
lnðb0=a0Þ [13]

For open circuit, the H2 concentration nH2
at the anode-electrolyte

TPB is the same as at the outside plenum and the value Va0 across
the anode-electrolyte interface is the contribution to the open-circuit
SOFC emf V0.

Reactions at cathode side.— As discussed previously, there are
two reactions at the cathode side, one at the cathode-electrolyte TPB
and the other at the cathode-pore interface. Similar to the arguments
for the reaction at the anode side, both reactions on the cathode side
are treated as collision events. Looking at a (001) surface of the per-
ovskite structure, one could assume that the O atom sits in a square
surface “pocket” of surface area a2

c=2 bounded by 2 A-site cations
and 2 O2� ions, where ac is the LSM cathode lattice constant. There
are four adjacent such pockets which could hold another O atom.
We designate nO as the O atom concentration on the cathode mate-
rial surface. The probability for two empty sites next to each other is
ð1� 1

2
nOa2

cÞ
2
. After taking into account the impinging rate, the

attempt rate per unit ceramic surface area for Eq. 2 O2ðgÞ $
O2ðsÞ $ 2OðsÞ; is

1

2
nO2

kT

mO2

� �
1� 1

2
nOa2

c

� �2a2
c

2
[14]

and the forward reaction rate is

tcof ¼
1

2
nO2

kT

mO2

� �
1� 1

2
nOa2

c

� �2

eðUd=2kTÞ=2 coshðUd=2kTÞ [15]

where nO2
is the O2 concentration in the cathode pore, mO2

is the
molecular mass of O2, and Ud is the enthalpy released in the adsorp-
tion/dissociation combined reaction.

For the reverse reaction, we need two adjacent O atoms for
recombination into an O2 molecule on the surface of the cathode
material. There are four adjacent such pockets which could hold
another O atom as possible recombination partner for a given
pocket. To avoid double counting of the recombination attempts, a
factor of 1=2 needs to be taken into account. Based on the assump-
tions above, we have the attempt rate for reverse reaction

tn2
Oa2

c [16]

and the reverse reaction rate

tcor ¼ tn2
Oa2

ceð�Ud=2kTÞ=2 coshðUd=2kTÞ [17]

Based on setting the forward and reverse reaction probabilities equal
in equilibrium, and assuming that decrease (for SOFC mode) or
increase (for SOEC mode) of O atom concentration from reactions
with protons and electrons to form or dissociate H2O is negligible,

we can find the O atom concentration on the surface of cathode ma-
terial to be

nO¼
1

ð1
2
a2

c1þ1Þ
where 1¼ nO2

2t

� �1=2 kT

mO2

� �1=4

a�1
c eðUd=2kTÞ [18]

Now we look at the reaction on the TPB at the cathode-electrolyte
interface, 2Hþ þ OðsÞ þ 2e� $ H2OðgÞ. The forward and reverse
current densities are again the product of an attempt rate and a suc-
cess probability. Thus

icf ¼ ceb=2 cosh b and

icr ¼ de�b=2 cosh b; where b � ðUc � qVcÞ=2kT [19]

Here Vc is the potential difference across the cathode-electrolyte
interface, and the reaction releases heat Uc when the forward reac-
tion occurs. Thus the net energy required for the forward reaction of
Eq. 3 to occur is qVc � Uc. We assume that this forward reaction
can occur only if two protons are adjacent to the same oxygen ion,
in order to be close enough together to participate in the forward
reaction. The probability that a given O2� ion has two adjacent pro-
tons is a6

elen2
H;ele=9: The O2� ion concentration available at the TPB

from the electrolyte is 32=3

a2
ele

ð1� veleÞfc in which ð1� veleÞ is the prob-

ability that the O2� site is occupied and fc is the probability of the

O2� site being at a TPB on the cathode side. Assuming that there is

only one O atom site in the cathode adjacent to the site holding the

two protons, we saw above that the probability of an O atom occu-

pying that site is nOa2
c=2. Putting all these factors together and mul-

tiplying the transferred charge q; attempt frequency t and success

probability, the cathode forward reaction current density is

icf ¼
32=3nOa2

ca4
elen2

H;eleð1� veleÞfcqt

18
eb=2 cosh b

¼ ceb=2 cosh b; where c �
32=3nOa2

ca4
elen2

H;eleð1� veleÞfcqt

18

[20]

To calculate the current density of the reverse reaction of Eq. 3, we
assume the steam concentration on the cathode-electrolyte TPB is
nc;H2O. The reaction needs an oxygen ion on the electrolyte surface,
which has no proton attached to it. The probability that the oxygen

ion site fulfils these conditions is ð1� veleÞ
h
1�

�
a3

ele
nH;ele

3

�
�
�

a6
ele

n2
H;ele

9

�i
. The reaction also needs an adjacent vacant O atom

site on the cathode surface, and the probability that the site is vacant

is 1� 1
2

nOa2
c . The O2� ion from the electrolyte and the O atom site

from the cathode need to be on the cathode-electrolyte TPB for the

reaction. We also need to consider the impinging rate of water mole-

cules and the charge transfer per reaction. We obtain

icr ¼
1

2
nc;H2O

kT

mH2O

� �1=2

1� a3
elenH;ele

3

� �
�

a6
elen2

H;ele

9

 !" #

� ð1� veleÞ 1� nOa2
c

2

� �
fcqe�b=2 cosh b

¼ de�b=2 cosh b [21]

where d � 1
2

nc;H2Oð kT
mH2O
Þ1=2½1� ða

3
ele

nH;ele

3
Þ � ða

6
elen2

H;ele

9
Þ�ð1� veleÞ

�ð1� nOa2
c

2
Þfcq:

In Eqs. 20 and 21, c and d are the forward and reverse attempt
current densities for the reaction at the cathode, respectively.

Derivation of current density as a function of activation
polarization.— To introduce some ideas needed to derive our VðiÞ
expression, we first find i as a function of anode activation
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polarization Va;act or cathode activation polarization Vc;act, neglecting
concentration and ohmic polarization effects. To be specific, we study
the anode case and take the open-circuit attempt current densities as
a0 and b0. We begin with i ¼ iaf � iar and Eqs. 8 and 10 and use the
relation a ¼ a0 þ d; where a0 is the open-circuit value and
d ¼ qVa;act=2kT is the change in a needed to get nonzero i. We have

i ¼ iaf � iar ¼ ½a0 expða0 þ dÞ � b0 expð�a0 � dÞ�=2 coshða0 þ dÞ
[22]

We know that a0 expða0Þ ¼ b0 expð�a0Þ from Eq. 12 and
coshða0 þ dÞ ¼ cosh a0 cosh dþ sinh a0 sinh d. We obtain

i ¼ a0 expða0Þ½exp d� expð�dÞ�=2½cosh a0 cosh dþ sinh a0 sinh d�
¼ a0 expða0Þ tanh d=½cosh a0 þ sinh a0 tanh d� [23]

From Eq. 12, we know that 2i0a ¼ a0 expða0Þ= cosh a0, so

i ¼ 2i0a tanh d=½1þ tanh a0 tanh d� [24]

To find tanh a0, we start by rearranging Eqs. 8 and 10 and using
i ¼ iaf � iar,

i ¼ 1

2
ða � bÞ þ 1

2
ða þ bÞ tanh a [25]

For our present Vconc¼ 0 case, a and b have subscripts 0. From Eqs.
12 and 13, we obtain

i0a ¼ ða�1
0 þ b�1

0 Þ
�1

[26]

and to find tanh(a0) we set i¼ 0 in Eq. 25 and get

tanhða0Þ ¼ ðb0 � a0Þ=ðb0 þ a0Þ ¼ ða�1
0 � b�1

0 Þi0a [27]

Then Eq. 25 can be written in the form

i ¼ 2i0a tanh d=½1þ ða�1
0 � b�1

0 Þi0a tanh d� [28]

This differs from Butler-Volmer expressions seen in the
Refs. 8–13 partly because the finite rate of fuel gas molecule
impingement is included in the derivation. Examples of these differ-
ences are now shown for two papers. First, Zhu et al.12 in their
Appendix derive Butler-Volmer expressions for both the anode and
cathode reactions. The anode expression in their Eq. A15 does not
have charge transfer coefficient 0.5. However, the cathode expression
in Eq. A28 does have the commonly-used coefficient 0.5 after they
assume b44;a ¼ b44;c ¼ 1=2; thus allowing the sinh form
i ¼ 2i0 sinhðFgc=2RTÞ. Presumably their exchange current density i0
varies with cathode activation overpotential gc to keep i from
unphysically going to infinity as gc becomes infinite. Second, Bessler
et al.13 in their Eq. 1 seem to avoid this unphysical result by specifi-
cally including a Pa

O2 factor that presumably varies with g in
their Butler-Volmer expression i ¼ 2i0pa

O2 expð�Eact=RTÞ sinh
ð0:5Fg=RTÞ. The expð�Eact=RTÞ factor allows for a charge transfer
coefficient different from 0.5, and also can allow for a reaction barrier
over and above the electrochemical energy step required for the reaction.
In our present work we assume a coefficient 0.5 and no reaction barrier.

To obtain limiting case values for i, we note that in the SOFC
mode, when Vact !1, (Va! �1, the impractical case of applying
a large negative voltage) tanh a! 1. From Eq. 25 the current den-
sity i then reaches a0. This value makes sense physically because a0

corresponds to the rate at which all H2 molecules striking on the
TPB with O2� ions present dissociate into protons. In the SOEC
electrolysis mode, for high positive applied voltage, current density
will be limited to i ¼ �b0. This value corresponds to all protons in
the electrolyte along the TPB recombining into H2 molecules, i.e.
maximum H2 production rate when running the cell as an SOEC.

Derivation of voltage as a function of current density.— To
derive VðiÞ for SOFC and SOEC, we need to include the contribu-

tion from all polarizations, i.e. V ¼ V0 � Vact � Vcenc � Vohm.
We first consider the anode-electrolyte TPB, which contributes Va

to the terminal voltage V. Rearranging Eq. 25 and noting that it is
valid also when both activation and concentration polarizations are
present, we have

tanh a ¼ ð2i� aþ bÞ=ðaþ bÞ [29]

In general, we know that tanh�1 x ¼ 1
2

lnð1þ xÞ � 1
2

lnð1� xÞ, so

a ¼ 1

2
ln½ðbþ iÞ=ða� iÞ� ¼ ðUa � qVaÞ=2kT [30]

Solving Eq. 30 for Va gives

Va ¼ Ua=q� ðkT=qÞ ln½ðbþ iÞ=ða� iÞ� [31]

Similarly, Vc can be found from Eqs. 19, 20 and 21 as

Vc ¼ ðUc=qÞ � ðkT=qÞ ln½ðd þ iÞ=ðc� iÞ� [32]

Adding Eqs. 31 and 32 gives the terminal voltage VðiÞ for the cell

VðiÞ ¼ Va þ Vc ¼ ðUa þ UcÞ=q� ðkT=qÞ
� ln½ðbþ iÞðd þ iÞ=ða� iÞðc� iÞ� [33]

A difficulty in interpreting the relation in that form is that the en-
thalpy released by the entire forward reaction for the fuel cell is not
Ua þ Uc, but rather is Ua þ Uc þ 1

2
Ud � U: This difficulty can be

solved mathematically by writing V as

VðiÞ ¼ U=q� ðkT=qÞ ln ðbþ iÞðd þ iÞ
ða� iÞðc� iÞ eðUd=2kTÞ
� �

[34]

What if the oxygen is supplied for the cathode reaction by means of
surface diffusion by oxygen ions instead of oxygen atoms? There
will still be a potential step at the cathode-electrolyte TPB that the
protons must overcome to participate in the reaction. Although Uc

and Ud will be different, the sum of Uc þ 1
2

Ud must remain the
same. Accordingly, the only changes will be that Eq. 2 will become

O2ðgÞ $ O2ðsÞ $ O2ðsÞ þ 4e� $ 2O2�
ðsÞ [35]

Eq. 3 will become

2Hþ þ O2�
ðsÞ $ H2OðgÞ [36]

Protonic and electronic conductivity in H-SOFC.— If elec-
tronic conductivity occurs in the electrolyte, Eq. 33 gives VðipÞ
instead of VðiÞ. We expect that the voltage steps Va and Vc depend
only on the proton current in the electrolyte, ip, and not on electronic
current in the electrolyte, ie. Then, in the usual expression for termi-
nal voltage

V ¼ V0 � Vact � Vcon � Vohm [37]

V0 is still the open-circuit voltage based on thermodynamic calcula-
tion, whereas the other three contributions are functions of ip. In the
model, we know the VactðipÞ and VconðipÞ contributions for both the
anode and cathode sides. We assume that in the interior of the elec-
trolyte there are no unbalanced charges, so that the field E is uni-
form across the electrolyte. Then

� Vohm ¼ �Edele [38]

where dele is the electrolyte thickness. Using the convention that i is
positive if flowing from anode to cathode, E is positive for field in
the anode to cathode direction.

Let i be the measured current density in the electrolyte and ie be
the electronic current density in the electrolyte. The protonic current
density ip is given by
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ip ¼ i� ie [39]

Under open-circuit condition, i ¼ 0, there are equal and opposite
protonic and electronic current densities in the electrolyte, ip ¼ �ie.
This means that both protons and electrons flow through the electro-
lyte from the anode to the cathode side. Such binary flow cannot
result from an electric field E alone. There must also be proton and
electron concentration gradients.

We assume that no ions other than protons have a concentration
gradient. This means that for our assumed charge neutrality in the
electrolyte, the proton and electron concentration gradients must be
equal, so they can both be expressed by the same symbol on

ox : We
also assume that the change of concentration dele on=oxj j 	 ne or np,
where dele is electrolyte thickness; otherwise the equations become
nonlinear.

The proton and electron current densities are proportional to
their individual gradients of chemical potential, not just gradients of
electric potential. These current densities are given by

ip ¼ rpE� eDp
on

ox
¼ rpE� �pkT

on

ox
[40]

ie ¼ reEþ eDe
on

ox
¼ reE� �ekT

on

ox
and [41]

i ¼ ip þ ie ¼ ðrp þ reÞE� ð�p þ �eÞkT
on

ox
[42]

In these equations, �e is the electron charge, the electron mobility
�e is negative, �p is proton mobility, rp is proton conductivity, re

is electronic conductivity and the Nernst-Einstein relation

qD ¼ �kT [43]

was used in the equation where q is carrier charge and D is diffusion
coefficient.

For short circuit, the electrons all go through the external circuit
and so Eq. 41 becomes ies ¼ 0, giving

kT
on

ox

� �
s

¼ reEs

�e
[44]

Plugging Eq. 44 into Eq. 40 gives

ips ¼ is ¼ rp �
re�p

�e

� �
Es [45]

Therefore, we expect that ip is proportional to E,

ip ¼ rp �
re�p

�e

� �
E ¼ rp �

re�p

�e

� �
ðV0 � Vact � Vcon � VÞ=dele

[46]

We also know that

ie ¼ �reV=dele [47]

To find VðiÞ, we use Eqs. 46 and 47 and obtain

VðiÞ ¼ ðV0 � Vact � VconÞ �
idele

rp

� ðV0 � Vact � VconÞ �
idele

rp
1� �p

�e

� �� ��
rp

re
þ 1� �p

�e

� �
[48]

The mobility of electrons in the perovskite is much higher than that
of protons, i.e. �e 
 �p, so that the �p=�e term in Eq. 48 can be
neglected.14,15 Combining Eqs. 34 and 48 gives

VðiÞ ¼ U

q
� kT

q

� �
ln
ðbþ iÞðd þ iÞ
ða� iÞðc� iÞ eðUd=2kTÞ
� �

� idele

rp

� U

q
� kT

q

� �
ln
ðbþ iÞðd þ iÞ
ða� iÞðc� iÞ eðUd=2kTÞ
� �

� idele

rp

� ��
1þ rp

re

� �

[49]

The upper line of Eq. 49 is the voltage for zero electronic conductiv-
ity and the lower line gives the reduction in voltage due to electronic
conductivity in the electrolyte.

Comparison of Model Predictions With Experimental Results

Now we put in some particular numbers and gas concentrations
to calculate all the attempt current densities and VðiÞ for a particular
H-SOFC. We keep in mind that a; b; c and d are equivalent current
densities corresponding to attempt rate for forward and reverse reac-
tions at the anode-electrolyte and cathode-electrolyte TPBs, respec-
tively. We know that from Eq. 8

a ¼ 1

2
nH2

kT

mH2

� �1=2

faqð1� veleÞ½1� ða3
elenH;ele=3Þ � ða6

elen2
H;ele=9Þ�

[50]

The H2 concentration at the plenum can be found by

nH2;p ¼
pH2

j1 � iS
q

jtotal

 !
ntotal;p [51]

where pH2
is the H2 inlet partial pressure, j1 is the total inlet gas flow

density, jtotal ¼ j1 þ jH2O is the total gas flow density when steam is
picked up by flowing the gas through a water bubbler, i is the cell
current density, S is the effective cathode area and ntotal;p is the total
gas concentration in the plenum. The H2 concentrations at the an-
ode-electrolyte interface of the cell can be found by solving the
dusty-gas model which gives

nH2
¼ nH2;p �

iw

/qDK;H2

s3 � nN2;p exp
iw

n1/qDH2;N2 ;1
s3

� �
� 1

� �

� nH2O;p exp
iw

n1/qDH2 ;H2O;1
s3

� �
� 1

� �
[52]

where nH2 ; p, nN2;p and nH2O;p are the H2, N2 and H2O concentration
in the plenum, respectively, w is the thickness of the supporting an-
ode, / is the anode porosity, DK;H2

is H2 Knudsen diffusion coeffi-
cient, DH2 ;N2;1 is H2 and N2 binary diffusion coefficient under total
pressure equals to 1 atm, DH2 ;H2O;1 is H2 and H2O binary diffusion
coefficient under total pressure equals to 1 atm and s is the tortuos-
ity. The detailed derivation of Eq. 51, Eq. 52 and tortuosity s was
published elsewhere.7 When the system is running under open-cir-
cuit voltage, the H2 concentration at the anode-electrolyte interface
is the same as that in the plenum. The mass mH2

is 3:32� 10�27 kg.
The charge q transferred per reaction of Eq. 4 is two electrons, i.e.
3:2� 10�19 C.

To find the fraction of oxygen sites at TPBs, fa, we first find dt,
the TPB length per cm2 of electrolyte surface. The tortuosity of the
supporting anode was s ¼ 1:48 which can be modeled as resulting
from each pore being straight, but inclined at an angle cos�1ð1=sÞ.
The pore then meets the electrolyte at this angle and its intersec-
tion with the electrolyte is an ellipse of semimajor axis s�r and
semiminor axis �r. The pore area as it impinges on the electrolyte
then is ps�r2. The total pore number np of pores impinging per cm2

of electrolyte is np ¼ /=ps�r2 ¼ 1:577� 107=cm2. Each pore pe-
rimeter Pp as it impinges on the electrolyte is, according to Marks’
Handbook16
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Pp ¼ p�rð1þ sÞ½1þ 1

4
m2 þ 1

64
m4 þ 1

256
m6 þ � � �� [53]

where m ¼ ðs� 1Þ=ðsþ 1Þ; so Pp ¼ 5:584� 10�4 cm. Multiplying
by np yields dt ¼ 1:048� 104cm�1. If we take the 1/3 power of O2�

ion volume to be the spacing between the O2� ions, i.e.
ða3

ele=3Þ1=3 ¼ aele=31=3, 0.308 nm for Ba Ce0:8Y0:2ð ÞO3�d, then the
fraction faof electrolyte surface consisting of TPB is 3:231� 10�4:

For the proton concentration nH;ele in the electrolyte, we consider
nH;ele as an adjustable number in the model since nH;ele should
depend on temperature, gas concentrations at the electrolyte-elec-
trode interface and current density i. nH;ele also is expected to be
under 20% of the Ba Ce0:8Y0:2ð ÞO3�d molecular concentration, i.e.
a3

elenH;ele ¼ 0:20, because the maximum uptake of protons should
equal the Yþ3 concentration in the Ba Ce0:8Y0:2ð ÞO3�d.

We will take 100% H2 fuel gas inflow as an example and use
a3

elenH;ele ¼ 0:145. Multiplying all the factors in Eq. 50, we have
open-circuit forward attempt current density for Eq. 4

a0 ¼ 59:77A=cm2 [54]

The reverse attempt current density is

b0 ¼ 32=3ð1� veleÞ2faa4
elen2

H;eletq=9 ¼ 2:473� 103A=cm2 [55]

The O atom concentration on the surface of cathode material can be
found by Eq. 18. The results from different oxygen partial pressures
are listed in Table I. The value of Ud used for the calculation was
obtained from the best fit of the model to our experimental data,
which gives 0.1 eV.

Due to the thin cathode, not much information on concentration
polarization effects on the cathode side can be obtained. To calcu-
late forward attempt current density c for the reaction at the electro-
lyte-cathode interface, we assume the fraction fc of O2� sites on the
TPB is equal to fa and the porosity of the cathode is the same as for
the anode, 44%. The lattice constant of LSM is 0.392 nm, so

c0 ¼
32=3nOa2

ca4
elen2

H;eleð1� veleÞfcqt

18
¼ 5:032A=cm2 [56]

The steam concentration at the cathode-electrolyte interface nc;H2O is
a function of operating current density because of the generation of
exhaust gas from running the cell. We further assume steam concen-
tration in the air that we used to run the cell is 2%, 66% relative hu-
midity in the air, so that the fraction of steam in the air at the anode-
electrolyte interface is 0:02þ i=ðqntotalÞ, where ntotal is the total gas
concentration at the cathode-electrolyte interface. Therefore, we get

d0 ¼
1

2
nc;H2O

kT

mH2O

� �1=2

1� a3
elenH;ele

3

� �
�

a6
elen2

H;ele

9

 !" #

� ð1� veleÞ 1� nOa2
c

2

� �
fcq ¼ 0:406 A=cm2 [57]

According to Eq. 25, we note that the current density i is limited
to a finite range, in which �b � i � a (for anode limitation) and
�d � i � c (for cathode limitation) regardless of the value of V as
it runs from negative to positive infinity. Our calculation shows
the output of the H-SOFC is limited by the attempt current density
c, which refers to the reaction 2Hþ þ OðSÞ þ 2e� ! H2O, accord-
ingly 5.032 A cm�2 for the maximum current density. For the
SOEC mode, the system is limited by the attempt current density
d, 0.406 A cm�2. The number d is relatively low due to the low
steam concentration at the cathode-electrolyte interface. When the
steam concentration increases the attempt current density d will
increase accordingly.

The enthalpy released by a hydrogen-oxygen reaction,
H2 þ 1

2
O2 ! H2O, at 700�C can be found by using the best fit to the

values for 800, 900, 1000, 1100 and 1200 K in Ref. 17 table A 5.4,
using a quadratic polynomial trendline. The fitting gives the value
U700oC ¼ 247; 706 J mol�1. Therefore, the value U

q in Eq. 49 can be
calculated as

V0 ¼
U

q
¼ 247706=NAq ¼ 247706=ð6:023� 1023 � 3:2� 10�19Þ

¼ 1:285ðvoltÞ [58]

For the numerical data of the model, we use Wolfram Mathematica
7.0 for the calculation. The protonic conductivities and electronic
conductivities used in the model calculations were extracted from
the V(i) curves that we use to compare with our model. The results
for changing H2 partial pressure while air was used at the cathode
side, and changing O2 partial pressure while 100% H2 was used at
the anode side, at 700�C are listed on Table I. Details of the method
used to calculate the proton conductivity and electron conductivity
from the V(i) curves will be published elsewhere. All the parameters
that we use for this model are listed in Table II. Figures 3a and 3b
compares the result from experiment and model for H2 and O2 par-
tial pressure dependent tests at 700�C. We see excellent agreement
between the experimental and modeling data. The nH;ele used in the
model for each VðiÞ curve are listed in Table I. We notice that the
calculated open-circuit voltages are about 0.05 V higher than those
from the experiments. By looking at Eq. 50, when i ¼ 0, the only
parameter that we can argue to lower the open-circuit voltage is to
lower ac from 3.93 Å down to �1 Å, not reducing the cathode mate-
rial lattice constant but reducing the distance between O atoms on
the cathode material surface. At the same time, we need to increase
Ud from 0.1 to 0.6 eV to get a reasonable agreement with the experi-
mental data. However, a lower ac seems to be consistent with an O
atom that can sit randomly on the surface of the cathode material
surface without the effect of Coulomb force from the ions of the
cathode material. We have no further information of how O atoms
interact with the surface of the cathode material. The disagreement
of the open-circuit voltage can be treated as a defect of our model
or it predicts the way that O atoms interact with the surface of the
cathode material. This question, therefore, needs to be further
investigated.

Table I. Protonic conductivity rp and electronic conductivity re, proton concentration nH;ele and O atom concentration on cathode nO used for

the fitting in the model.

PH2
20% 40% 60% 80% 100%

rp (S/cm) 6.482� 10�3 7.639� 10�3 8.142� 10�3 8.395� 10�3 8.488� 10�3

re (S/cm) 9.477� 10�4 1.004� 10�3 1.106� 10�3 1.223� 10�3 1.328� 10�3

nH,ele (%) 11 11.5 13 14.5 14.5

PO2
5% 10% 21% 30% 50%

nO(atom/m2) 1.160� 1016 1.640� 1016 2.377� 1016 2.838� 1016 3.662� 1016

rp (S/cm) 5.233� 10�3 7.152� 10�3 8.591� 10�3 8.866� 10�3 9.609� 10�3

re (S/cm) 1.058� 10�3 1.216� 10�3 1.369� 10�3 1.415� 10�3 1.598� 10�3

nH,ele (%) 11.8 12.5 13.5 15 15
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Model Predictions for the Effects of Operating Parameters on
H-SOFC Performance

By using this validated model, the effects from different parame-
ters can be studied. We first keep all the parameters the same as
found by fitting to the experimental data and only change the elec-
trolyte thickness. All the data presented here are using 100% H2 as
fuel gas and air as oxidative gas. Figure 5 shows the effect of chang-
ing the electrolyte thickness. As we can see, the H-SOFC curves are
dominated by ohmic polarization when the electrolyte thickness is
thicker than 20 �m. The effect of concentration polarization starts to
come into play when the electrolyte thickness is thinner than 15 �m.
The current density is finally limited to 5.032 A cm�2 by the attempt
current density c0 even when a thinner electrolyte is used. To
increase the H-SOFC performance, Eq. 56 shows that the only two
parameters that we can argue could be adjusted are fc and no. This
means that the shortage of oxygen atoms at the cathode limits the
current density. Therefore, to increase TPB length on the cathode
side and oxygen atom concentration on the cathode material surface
would be the methods to minimize this limitation and increase
performance.

For the purpose of clearly seeing the polarization effects, we
lower the electrolyte thickness from 30 to 15 �m and also keep most
other parameters the same as used for fitting to the experimental
data. Figure 6 shows the effect of changing tortuosity. Since we
assume the gas concentration on the cathode side is constant across
the cathode due to its small thickness, the change of tortuosity in
Fig. 6 only refers to the supporting anode. As we can see, the change
of tortuosity does not affect the cell performance much until its
value becomes higher than 2.5. This is simply because there is only
H2 inflow in the supporting anode of the H-SOFC, which results in

the pressure gradient across the supporting anode by the effect of
tortuosity being small. For O-SOFC, the production of steam on the
anode side makes it suffer from concentration polarization even
when the tortuosity of its supporting anode is low. The counterflow
of fuel gas and steam makes the effect of tortuosity more obvious
and requires more careful design for the supporting anode for
O-SOFC.

The effect of changing the fraction of oxygen sites at TPB on
the anode, fa, and on the cathode, fc, are shown in Figs. 7a and
7b. From the attempt current densities, we know that the
performance of the whole cell is primarily limited by attempt
current density c, i.e. limited by the reaction 2Hþþ
Oþ 2e� ! H2O. Figure 7a shows that the increasing or slight
decreasing of fa does not change the performance of H-SOFC.
However, if we further lower the fa down to 10 times smaller,
the H-SOFC starts to encounter concentration polarization due to
the lack of reaction sites for reducing hydrogen molecules into
protons. On the other hand, Fig. 7b shows that the increasing
or decreasing of fc dramatically affects the performance of the
H-SOFC. It is easily seen that the cathode has much more sensi-
tivity than the anode for the performance of H-SOFC. Therefore,
the cathode of H-SOFC should be carefully engineered to
increase its TPB to maximize the cell output.

The influence of the H-SOFC operating pressure is shown in
Fig. 8a. The increasing power density comes from the increase of
available O atom concentration on the surface of the cathode mate-
rial and the impinging rate of gas on the TPBs. The peak power den-
sity increases 10% when operating pressure doubles. Then, it
increases 21.4 and 28.7% when operating pressure increases to 5
and 10 atm, respectively. The effect from increasing operating pres-
sure to get higher power output becomes lower when the pressure

Table II. Values of input parameters used in the fitting model.

Constant parameters Number Meaning

k 1.38� 10�23 Boltzmann constant, j/K

T 973 SOFC tested temperature, K

PBozeman 8.543� 104 Atmosphere in Bozeman, N/m2

P1 1.015� 105 1 atmosphere, N/m2

q 3.2� 10�19 Transferred charge per reaction, C

mH2
3.32� 10�27 H2 molecular weight, kg

mH2O 2.988� 10�26 H2O molecular weight, kg

mO2
5.312� 10�26 O2 molecular weight, kg

t 1� 1013 Attempt frequency, Hz

Measured parameters Number Meaning

ac 3.92� 10�10 LSM lattice constant, m

aele 4.445� 10�10 Ba Ce0:8Y0:2ð ÞO3�d lattice constant, m

w 1.15� 10�3 SOFC anode thickness, m

/ 0.44 SOFC anode porosity

s 5.7� 10�5 Effective cathode area, m2

inflow 200� 10�6 Input gas flow, m3

dele 3� 10�5 Electrolyte thickness, m

s 1.48 Anode tortuosity

Calculated parameters Number Meaning

DK;H2
15.19� 10�4 H2 Knudsen diffusion coefficient, m2/s

DK;N2
4.06� 10�4 N2 Knudsen diffusion coefficient, m2/s

DK;H2O 5.06� 10�4 H2O Knudsen diffusion coefficient, m2/s

DH2 ;H2
O 6.65� 10�4 H2/H2O binary diffusion coefficient, m2/s

DH2 ;N2
5.35� 10�4 H2/N2 binary diffusion coefficient, m2/s

DN2 ;H2O 1.87� 10�4 N2/H2O binary diffusion coefficient, m2/s

fa 3.231� 10�4 Fraction of oxygen sites at TPB on anode side

Assumed parameters Number Meaning

nc;H2O 2% Input steam concentration in inflow gas at cathode side.

fc 3.231� 10�4 Fraction of oxygen sites at TPB on cathode side (assume to be the same as fa)

Adjustable parameters Number Meaning

Ud 1.6� 10�20 Energy needed for dissociating O2 molecule into 2O atom on cathode material, J

nH;ele listed in Table I Proton concentration in the electrolyte
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gets higher. This result suggests that the benefit from increasing
operating pressure might not always be positive when we consider
the energy it takes to increase the operating pressure.

Figure 8b shows the effect of steam concentration at the cath-
ode-electrolyte interface for both SOFC and SOEC modes. For
the SOFC mode, we can clearly see that the removal of steam at
the cathode, by increasing flow rate of air, can increase the open-
circuit voltage and power output. This is simply because the

oxygen partial pressure at the TPB gets lower if the steam cannot
be removed. In the SOEC mode, the cut-off current density is
limited by attempt current density d, which means that even a
large applied voltage could not drive the current density past this
limitation. This is the current density corresponding to all steam
molecules impinging on the TPB at the cathode-electrolyte inter-
face ionizing into two Hþ and one O2� successfully. From the
structural point of view, H-SOEC should be a better electrolysis

Figure 5. (Color online) The effect of
changing electrolyte thickness of H-
SOFC.

Figure 6. (Color online) The effect of
changing tortuosity of H-SOFC.
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device than O-SOEC because the diffusion path for steam at the
cathode side in H-SOEC is much shorter than at the anode side
in O-SOEC.

Overall, our model suggests that the H-SOFC performance is
affected more by the cathode than the anode. A cathode interlayer
consisting of a mixture with similar volumes of cathode and electro-
lyte material can be used for increasing the TPB. However, proton
conductive ceramics are famous for their difficulty to sinter; usually
temperature above 1200�C is needed to trigger the sintering process

and above 1400�C is needed to get highly dense ceramic when a sin-
tering additive is used.18 On the other hand, cathode material is usu-
ally sintered at temperature �1000�C to keep its high porosity.
Temperature higher than 1200�C can close up the pores in the cath-
ode and lower the performance of the cell. If a cathode interlayer is
simply applied and sintered at temperature �1000�C, the contact
between cathode interlayer and electrolyte might not be good
enough for providing the conductive channels of protons, i.e. the
ohmic polarization from the cathode-electrolyte interface will be

Figure 7. (Color online) The effects
of changing fraction of oxygen sites at
TPB on (a) anode side, fa, and (b) cathode
side, fc.
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high for this situation. Some new idea for solving this problem
should be developed and examined experimentally.

Conclusions

High performance Ba Ce0:8Y0:2ð ÞO3�d H-SOFCs were made and
tested under different temperatures and gas partial pressures. An elec-
trochemical model was developed to study the VðiÞ performance of
the H-SOFC. The form that we derived for the VðiÞ expression is dif-
ferent from the expressions that can be seen in the literature.8–13,19–21

Usually, the Nernst equation is used for deriving the contribution of
concentration polarization where typically the partial pressure will
appear. These partial pressure terms are related to the gas concentra-
tion terms in our expression for attempt current densities by the ideal
gas law. The factors that are not related to gas concentrations are
omitted in the usual literature expressions, but their effect shows up
in a combined entropy and enthalpy term when proceeding to the log-
arithmic term. In our expression, U=q is the total enthalpy release by
the reaction H2 þ 1

2
O2 ! H2O. The released enthalpy is independent

of cell construction and operating parameters, whereas the entropy

Figure 8. (Color online) The effects of
changing (a) operating pressures and (b)
steam concentration at cathode-electrolyte
interface for both SOFC and SOEC
modes.
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depends on such parameters. By taking the factors unrelated to gas
concentration into account, we include entropy in the prediction of
VðiÞ. Therefore, the good agreement between the experimental data
and model prediction provides evidence that our model is close to the
H-SOFC physical picture.

Parametric analyses were also performed to identify the key
sources for improving the H-SOFC performance. The reducing of
electrolyte thickness, i.e. reducing ohmic polarization, is found to be
the major possible and easier way to improve the performance of
the cell. Other than reducing electrolyte thickness, the performance
of H-SOFC is mostly restricted by the attempt current density c,
which means the cathode of the H-SOFC controls the performance
of the whole cell. The expression for attempt current density c sug-
gests that increasing the TPB length at the cathode-electrolyte inter-
face and having more available O atoms on the cathode surface
improve the performance of H-SOFC. Therefore, using a cathode
interlayer and increasing H-SOFC operating pressure are the ways
to increase H-SOFC performance.
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List of Symbols

a Anode forward attempt current density

aele Lattice constant of electrolyte material

ac Lattice constant of cathode material

b Anode reverse attempt current density

c Cathode forward attempt current density

D Diffusion coefficient

d Cathode reverse attempt current density

dele Electrolyte thickness

fa Fraction of oxygen sites at the anode-electrolyte TPB

fc Fraction of oxygen sites at the cathode-electrolyte TPB

i0 Exchange current density

i0a Anode-electrolyte TPB exchange current density

i0c Cathode-electrolyte TPB exchange current density

ie Electronic current density in the electrolyte

ip Proton current in the electrolyte

k Boltzmann’s constant, 1.38� 10�23

mi Molecule mass of the component i

nH2
H2 fuel gas concentration at the anode-electrolyte interface

nH;ele Proton concentration in the electrolyte

nc;H2O The steam concentration on the cathode-electrolyte TPB

nO2
Oxygen concentration in the cathode pore

nO O atom concentration on the cathode material surface

q Charge transfer per reaction, 3.2� 10�19 C

T Absolute temperatuer (K)

Ua Enthalpy released when the reaction H2 $ 2Hþ þ 2e�occurs

(J kg�1)

Uc Enthalpy released when the reaction 2Hþ þ Oþ 2e� $ H2O

occures (J kg�1)

Ud Enthalpy released in the adsorption/dissociation combined reaction

(J kg�1)

V0 Open-circuit emf

Va Potential difference across anode-electrolyte TPB

Vact Activation polarization

Va;act The anode activation polarization

Vconc Concentration polarization

Vc The potential difference across the cathode-electrolyte TPB

Vc;act The cathode activation polarization

Vohm Ohmic polarization

maf Anode forward reaction rate

mar Anode reverse reaction rate

maf 0 Anode forward reaction attempt rate

mar0 Anode reverse reaction attempt rate

vele Oxygen vacancy probability in electrolyte

Greek letters

rp Proton conductivity in the electrolyte

re Electronic conductivity in the electrolyte

�e electron mobility

�p Proton mobility

s Tortuosity

t Attempt frequency

Abbreviations

SOFCs Solid oxide fuel cells

H-SOFCs Proton conductive solid oxide fuel cells

O-SOFCs Oxygen ion conductive solid oxide fuel cells

TPS Triple phase boundary
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