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bstract

A geometric micro-model and experiment development are presented for electrolyte-coated anodes with high performance in solid oxide fuel
ells. The anodes are based on electron conducting frameworks, where fine, oxygen-ion conducting inclusions are introduced via an ion impregnation
rocess. The model shows that the length of triple-phase-boundary (TPB) increases with the loading of the coated electrolyte, and is dependent only
n the loading before a maximum loading for monolayer coverage is obtained. The maximum loading increases with the porosity of the framework.
s a result, the prolonged TPB length can be achieved by increasing the porosity and the loading. In the experimental study, Ni was used as the

lectron conductor, and samaria-doped ceria (SDC) was employed as the electrolyte to form anode-supported single cells. The cell performance
as evaluated using humidified hydrogen as the fuel. The peak power density increased with SDC loading to a maximum value and decreased

hen the loading was further increased. The highest peak power density of the cells whose anodes were prepared with 10, 20 and 30 wt.% pore

ormer was 571, 631 and 723 mW cm−2, corresponding to 508, 564 and 648 mg cm−3 of SDC loading, respectively. The experimental results are
n good agreement with the model prediction. Therefore, this work demonstrates theoretically and experimentally that optimization of the porosity
nd electrolyte loading is critical for further improving the performance of electrolyte-coated anodes.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Recently, there have been lots of interests in improving the
erformance of electrodes for solid state fuel cells (SOFCs)
o lower their operating temperatures [1]. In the case of the
nodes, most researches were focused on the micro-structure
ptimization via catalyst surface modification [2–5]. One of
he practices is to coat fine particles of electrolyte such as
ttria-stabilized zirconia (YSZ) and doped ceria on an elec-

ron conducting matrix phase of Ni-based porous materials.
ne advantage of the electrolyte-coated anodes is that they

re capable of effectively suppressing carbon deposition when

Abbreviations: TPB, triple-phase-boundary; SDC, samaria-doped ceria;
OFC, solid oxide fuel cell; YSZ, yttria-stabilized zirconia; GDC, gadolinia-
oped ceria.
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ydrocarbon is directly used as the fuel [4,6–8]. The other advan-
age is that the anodic performance is significantly improved
y coating the fine electrolyte particles, which are usually
ntroduced using an ion impregnation process [3]. Jiang et al.
ave shown that the performance of Ni-based anodes could be
ubstantially improved by coating nano-sized electrolyte par-
icles of YSZ and gadolinia-doped ceria (GDC). At 700 ◦C,
he interfacial polarization resistance of an uncoated anode was
0 � cm2. It was reduced to 3.1 � cm2 when 4.0 mg cm−2 of
SZ was impregnated [9]. The resistance was further reduced to
.71 � cm2 when the electrode was coated with 1.7 mg cm−2 of
DC [10]. Zhu et al. [7] have also demonstrated that a significant

eduction of the interfacial polarization resistance was achieved
hen 20 mg cm−2 of samaria-doped ceria (SDC) was coated

nto NiO-based anode substrate. In addition, distinct improve-
ent in performance was observed for single cells with the
lectrolyte-coated anodes, compared with that of the cells with-
ut impregnation treatment. The improved performances are
sually attributed to an effective extension of the triple-phase-
oundary (TPB) area, in addition to significant electro-catalytic
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Nomenclature

Ac the surface area of the hypothetical sphere is occu-
pied by an i-particle (m2)

Ad the disappeared surface area of an e-particle due
to the contact with another e-particle (m2)

AE the exposed surface area of e-particles per unit
volume (m2 m−3)

A0
e the surface area of a free-standing e-particle (m2)

EN Nernst potential (V)
LTPB the length of triple-phase-boundary
m loading (mg cm−3)
ne the number of e-particles per unit volume
Ni the number of i-particles which could be cov-

ered on the exposed surface of e-particles per unit
volume

N0
i the number of i-particles which could be covered

on the surface of one free-standing e-particle with
a monolayer

Pc the critical probability of infinitely long
sequences of adjacent sites for i-particles

r radius of a particle (�m)
Ro intercept with the real axis at high frequency in

impedance spectra (� cm2)
Rp interfacial polarization resistance of a single cell

(� cm2)
Rt intercept with the real axis at low frequency in

impedance spectra (� cm2)
Voc open circuit voltage (V)
Z co-ordination number

Greek letters
ε open porosity
λ fractional coverage
θ1 one half of the contact angle between two e-

particles (◦)
θ2 one half of the contact angle between an e-particle

and an i-particle (◦)
ρ density (g cm−3)
ϕ critical volume fraction of i-particles in all parti-

cles for a two dimensional system
φ a factor

Subscripts
cr critical
h hypothetical
i ion conducting particle
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a

e electron conducting particle

ffect of coating nano-sized electrolyte particles on the electro-
hemical activity of the anode [3]. It is well known that TPB in
composite electrode is the active site for electrode reaction,

here electron conducting phase (Ni), ion conducting phase

YSZ) and gas phase (H2 and product water vapor) meet. The
PB length plays an important role in determining the elec-

p
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rode performance. As demonstrated by Mizusaki et al. [11] and
ieberle and Gauckler [12], the electrode performance of a Ni-
ased anode was directly related to the TPB length, which has
een shown to be determined by micro-structural parameters
uch as grain size, pore diameter and porosity [13] as well as
he size ratio of electronic and ionic phase particles [14]. From
his point of view, the surface modification is to achieve the TPB
ength per unit volume as large as possible by optimizing one or

ore parameters. However, no model is available to predict the
odification effect with regards to TPB up to now.
Anyway, several models have been proposed to investigate

he correlation between the micro-structural parameters and
he performance of conventional composite electrodes in order
o provide fundamental information for micro-structure design
15–17]. In a random packing micro-model, TPBs are formed
y the contacts of percolated electronic and ionic phase parti-
les and thus depend not only on micro-structure characteristics
f the particles such as the number of each particle per unit
olume and the co-ordination number but also on the probabil-
ty of each phase particle belonging to the percolated cluster
18,19]. Therefore, the determination of TPB length is quite
omplex. In Deng’s geometrical model [13], only the relative
alue of TPB length was calculated. For an electrolyte-coated
node, this issue seems to be somewhat different and can prob-
bly be simplified. The reason lies on the following facts: (1)
he fine coated particles do not belong to the random packing
ystem in a three dimensional space. Instead, the particles form
continuous phase for oxygen-ion conduction on the surface of

he particles belonging to the porous matrix based on Ni; (2) the
ifference of the size of the two phase particles is in the level of
agnitude, which is much larger than the difference for a con-

entional composite anode. Further, there exists an important
act that the exposed surface of matrix phase particles per unit
olume, i.e. the available surface for coating, is determined by
he average number of matrix phase particles and the average
o-ordination number between matrix phase particles, which
oth are dependent on the porosity. Therefore, it is necessary
o develop a new model and correlative experiment to investi-
ate the micro-structure effect on the electrode performance and
ptimize the fabrication parameters for the electrolyte-coated
node.

In this work, a geometrical micro-model was developed for
lectrolyte-coated anodes. The TPB length per unit volume was
redicted as a function of the porosity and the amount of coated
lectrolyte. In addition, the performance of single cells based on
he electrolyte-coated anodes was experimentally investigated
oncerning the porosity and electrolyte loadings. The anode was
ased on an electron conducting Ni framework that was coated
ith ion conducting phase of SDC. The experimental results
ere in good agreement with the model predictions.

. Geometrical micro-model for an electrolyte-coated
node
As shown in Fig. 1a, an electrolyte-coated anode is com-
osed of an electron conducting framework and coating layer of
xygen-ion conducting particles (hereafter they will be referred



D. Ding et al. / Journal of Power Sources 179 (2008) 177–185 179

F node
c

t
t
t
s
i
t
b
p
e
o
m
b
r
f
o

A

w
s

c

n

w

t
A

A

w
a
o
e

ig. 1. Schematic diagrams for (a) the micro-structure of an electrolyte-coated a
onductor particles (i-particle).

o as i-particles). The framework is fabricated with a conven-
ional ceramic processing method such as dry-pressing and
ape-casting. Those i-particles are subsequently deposited on the
urface of the particles belonging to the framework using an ion-
mpregnation technique. Since the framework is formed before
he impregnation process, the electron conducting materials can
e reasonably assumed to constitute a percolated system for all
articles (hereafter they will be referred to as e-particles). Those
-particles are further assumed to be spheres with equal radius
f re and to be randomly packed to form the framework. The for-
ation has to be processed at high temperature to strength the

onding between the e-particles. As a result, the surface area
educes due to sintering. For an e-particle, the disappeared sur-
ace area, Ad, due to the contact with another e-particle, can be
btained with the following equation:
d = 2πr2
e (1 − cos θ1) (1)

here θ1 is one half of the contact angle of two e-particles as
hown in Fig. 1a, and re is the radius of e-particle.

Z

a

Z

and (b) an electronic conductor particle (e-particle) in direct contact with ionic

The number of e-particles per unit volume in the electron
onducting framework, ne, is given by the following equation:

e = 1 − ε

(4/3)πr3
e

(2)

here ε is the porosity of the anode framework.
The exposed surface area of e-particles per unit volume, i.e.

he surface area that is available for the coverage of i-particles,
E, is given by the following equation:

E = A0
ene − AdneZ (3)

hereA0
e = 4πr2

e , is the surface area of a free-standing e-particle
nd Z is the average co-ordination number, which is a function
f the porosity. According to Ref. [20], Z can be empirically
xpressed as
= 20.7(1 − ε) − 4.35 when 0.3 ≤ ε ≤ 0.53 (4)

nd

= 36(1 − ε)/π when 0.53 ≤ ε (5)
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ombining Eqs. (1)–(5), at 0.3 ≤ ε ≤ 0.53, AE is given as

E = − 3

2re
(20.7(1 − cos θ1)ε2 − (35.05 − 37.05 cos θ1)ε

− 16.35 cos θ1 + 14.35) (6)

nd at 0.53 ≤ ε

E = − 3

2πre
(36(1 − cos θ1)ε2 − (72 − 72 cos θ1 − 2π)ε

− (36 cos θ1 + 2π − 36)) (7)

Now let us consider N0
i , the number of i-particles which

re fully covered on the surface of one free-standing e-particle
ith a monolayer. A hypothetical sphere with radius rh = OD is
resented (Fig. 1b). Based on the fact that ri is about one mag-
itude lower than re, we assume that the decrease of distance
etween the two-circle centers due to sintering is negligible.
s shown in Fig. 1b, part of the surface area of the hypothet-

cal sphere is occupied by an i-particle. This occupied area,
c, can be geometrically calculated by the following equation

21]:

c = 2π

[
−{re(re + 2ri)}3/2

re + ri
+ re(re + 2ri)

]
(8)

here re = OE and ri = CE, respectively. Therefore, N0
i , can be

btained by approximating ri = DE, as

0
i = 4π(re + ri)2 × 0.907

Ac
(9)

here 0.907 is the maximum packing fraction in a two dimen-
ional system for close packing spheres. When part of the
xposed surface area per unit volume is covered by the i-
articles, the number of i-particles per unit volume, Ni, is

i = λN0
i

AE

4πr2
e

(10)

here λ is the fractional coverage, which is obviously related to
he loading, mi. When e-particles are covered with a monolayer
f i-particles, it gives

= Ai

AE × 0.907
= 3mi

4riρiAE × 0.907
(11)

here Ai is the surface area occupied by all coated i-particles
nd ρi the density of i-particle.

It is clear that all of the e-particles belong to a percolated
luster. In practice, the average size of i-particles is usually less
han 100 nm while it is around 1 �m for e-particles. When the
mount of i-particles is large enough, i.e. λ is large enough,
-particles form a continue oxygen-ion conducting phase. The
ritical coverage value, λcr, can be estimated as
cr = 3mcr

4riρiAE × 0.907
(12)

here mcr is the critical loading. With Malliaris and Turner’s
odel [22], critical volume fraction of the i-particles in all par-

f
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ources 179 (2008) 177–185

icles for a two dimensional system, ϕi, can be estimated with
he following equation:

i = 1

2
Pc

[
1 +

(
φ

4

) (
re

ri

)]−1

(13)

here Pc is the critical probability of infinitely long sequences of
djacent sites for i-particles. φ is a factor which depends on the
ode of packing of the i-particle. If we assume that i-particles

onstitute a random packing system on the surface of e-particles
nd co-ordination number is 6, the value of Pc and φ is given to
e 1/3 and 1.110, respectively [22]. In a two dimensional system,
1 can be also written as

i = Ai

AE
= 3mcr

4riρiAE
(14)

herefore, λcr and mcr can be obtained by combining Eqs.
12)–(14).

When λ is not less than λcr, the length of the two-phase-
oundary per unit volume can be given by the following
quation:

TPB = 2πri(sin θ2)Ni = ri

2r2
e
λN0

i AE sin θ2 (15)

here θ2 is one half of contact angle between an i-particle and an
-particle. For the monolayer coverage, gas is always available
or two-phase-boundary. Therefore, LTPB can be used to present
he length of the triple-phase-boundary. Combining Eqs. (11)
nd (15) gives

TPB = 3

8ρir2
e
N0

i (sin θ2)mi (16)

. Experimental

Ni was used as the electron conducting framework and
m0.2Ce0.8O1.9 (SDC) as the ionic conductor that was
oated on the framework using an ion impregnation process.
he preparation process of single cells, which were con-
isted of NiO–SDC anode substrates, SDC electrolytes, and
m0.5Sr0.5CoO3 (SSC)–SDC cathodes, and the impregnation
ethod were described in detail in previous work of our labora-

ory [7].
All of the powders involved in this experiment, such as NiO,

DC and SSC were synthesized using a glycine–nitrate method.
aking the synthesis of SDC powers as an example, a solu-

ion containing Sm3+ and Ce4+ was prepared by dissolving
m(NO3)3 and Ce(NH4)2(NO3)6 into distilled water with molar
atio of Sm3+:Ce4+ = 1:4. After glycine was added, the solu-
ion was heated till self-combustion occurred. The resulted ash
as calcined at 600 ◦C for 2 h and 800 ◦C for 4 h to form SDC
owders, which were used for the electrolytes and electrodes,
espectively. NiO and SSC ashes were both calcined at 850 ◦C

or 4 h. Bi-layer pellets consisted of porous NiO–SDC substrates
nd dense SDC electrolytes were fabricated by a co-pressing pro-
ess [23]. NiO was mechanically mixed with 10 wt.% of SDC
o form oxide mixtures as the precursor for the substrates. The
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Table 1
The loading (mg cm−3) for FC10, FC20 and FC30 after several impregnating–heating cycles

Sample Cycle Loading Sample Cycle Loading Sample Cycle Loading

FC10-0 0 0 FC20-0 0 0 FC30-0 0 0
FC10-5 5 381 ± 5.1 FC20-4 4 384 ± 4.5 FC30-3 3 389 ± 4.3
FC10-7 7 508 ± 5.1 FC20-5 5 474 ± 4.5 FC30-4 4 519 ± 4.3
FC10-9 9 635 ± 5.1 FC20-6 6 564 ± 4.5 FC30-5 5 648 ± 4.3
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unit volume, AE, on porosity at different contact angles between
e-particles is shown in Fig. 2. AE is found to increase with the
porosity at the range of 0.30–0.53, which is an usual porosity
FC20-7 7

se of SDC was to enhance the adherence between the sub-
trates and the electrolytes. To increase the substrate porosity,
hich is critical for the ion-impregnation process, 10, 20 and
0 wt.% of starch was added to the oxide mixtures. Thereinafter
e called these cells with 10, 20 and 30wt.% starch pore former

s FC10, FC20 and FC30, respectively. The starch was mechan-
cally mixed with the oxide precursor and pre-pressed to form
reen substrates. A layer of SDC powders were subsequently
istributed over the green substrate and uniaxially pressed at
00 MPa to form a green bi-layer. The bi-layer was co-fired at
250 ◦C in air for 5 h to densify the SDC electrolyte. The thick-
ess of the dense electrolyte was about 35 �m and that of the
orous substrate was between 0.45 and 0.47 mm. The diameter
f the fired pellets was 11.2 mm.

Impregnation solution with cation concentration of
.0 mol L−1 was prepared by dissolving Sm(NO3)3
nd Ce(NO3)3 into distilled water with molar ratio of
m3+:Ce3+ = 1:4. The solution was dropped onto the porous
ubstrate under vacuum. After drying, it was heated at 800 ◦C
or 2 h to form SDC oxide. The loading of SDC was determined
y weighing the sample before impregnating and after heating.
he impregnating–heating cycle was repeated to increase

he SDC loading. The amount of impregnated SDC resulted
ith each cycle was different for the substrates with different
orosity and slightly decreased with increased cycles. The
oading for FC10, FC20 and FC30 at different cycles were listed
n Table 1. The Archimedes method was used for measuring
he porosity.

After impregnation, cathode slurry consisting of SSC–SDC
ith a weight ratio of 7:3 and a binder was screen-printed on

he electrolyte surface and fired at 950 ◦C for 2 h to form single
ells. The cathode fabricating process was kept as consistent as
ossible so that identical cathodic polarization resistance can
e achieved [7,24]. The cell was sealed onto an alumina tube
ith silver paste (DAD-87, Shanghai Research Institute of Syn-

hetic Resins). Humidified (3% H2O) hydrogen was used as the
uel with a flow rate of 50 mL min−1 and ambient air as the
xidant. Electrochemical characterizations were performed at
00 ◦C under ambient pressure. An Electrochemical Worksta-
ion (IM6e, Zahner) was used to characterize single cells. The
urrent–voltage curve was obtained by using a galvanostat mode
nd the electrochemical impedance spectra were measured at

pen circuit conditions in the frequency range from 0.1 Hz to
MHz with 5 mV as AC amplitude. The micro-structure was
bserved via a scanning electron microscope (SEM, JSM-6700F,
EOL).

F
v

655 ± 4.5 FC30-6 6 778 ± 4.3

. Results and discussions

.1. Model results and analysis

To conduct the model calculation, the radius of the e-particle
Ni) and i-particle (SDC) is assumed to be 0.5 and 0.05 �m,
espectively. This assumption was made based on the micro-
tructure observation of the coated-anode, which is discussed in
he following section. In the previous reports on micro-models
f SOFC electrodes, a relative low contact angle, 2θ = 30◦, is
enerally assumed [25–27] since it is described as the contact
ngle between two particles of heterogeneous phases. The low
ngle assumption is possibly due to the fact that both Ni and
iO are not soluble in YSZ solid solutions. However, in the

ase of the model for an electrolyte-coated anode, 2θ1 is the
ontact angle between two particles of homogonous phase. The
ngle is formed with high-temperature firing of two neighboring
iO particles. Therefore, a much higher contact angle will be

xpected. It is difficult to acquire accurate value of contact angles
θ1 but here we give different angles with 60◦, 70◦ and 80◦. For
nified calculation hereafter, the contact angle of 60◦ is used.
he contract angle between an i-particle and an e-particle is
ssumed to be 2θ2 = 30◦, which is the same as those reported. The
ensity of i-particle, SDC, is 7.147 g cm−3 as determined with
he lattice parameter calculated from X-ray diffraction pattern.
he dependence of the exposed surface area of e-particles per
ig. 2. The dependence of the exposed surface area of the e-particles per unit
olume on porosity at different contact angles.
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ig. 3. The correlations between the length of three-phase-boundary per unit
olume and the coverage at different porosities.

ange for the anodes. The increasing AE implies an increase in
he maximum loading, i.e. more i-particles can be deposited on
he surface of e-particles.

The correlations between the length of triple-phase-boundary
er unit volume, LTPB, and the coverage, λ, at different poros-
ty are shown in Fig. 3. It is noted that when λ is relative
mall, i-particles do not belong to a percolated cluster and
hus LTPB is zero, meaning that the electrolyte coating does
ot contribute to the active reaction sites. On the other hand,
= 100% means that the exposed surface is fully covered by

-particles with a monolayer. The full coverage corresponds to
maximum LTPB. With the monolayer assumption, the max-

mum loading is calculated to be 599, 733 and 780 mg cm−3

or the substrates with porosity = 31, 42, and 54%, respectively.
hen λ > 100% or the loading exceeds these values, the e-

articles are covered with multilayer i-particles. It should be
oted that the multilayer coverage will not increase LTPB value.
n the contrary, it will decrease LTPB by blocking gas dif-

usion. The curve shown in Fig. 3 when λ > 100% is plotted
n the assumption that the overloaded i-particles are deposited
nto the monolayer and gas transportation to/off the preformed
oundary between the electron and ion conducting phases is
locked, and thus LTPB is diminished with increased two-layer
overage. Based on Fig. 3 and Eq. (16), it can be concluded
hat:

1) The length of the triple-phase-boundary is proportional to
the coverage, and also to the loading when the e-particles
are covered with monolayer i-particles and the i-particles
are percolated at λ > λcr;

2) At the same coverage, higher substrate porosity is related to
longer length of the triple-phase-boundary;

3) When the loading is smaller than the maximum value cor-
responding to full monolayer coverage, the length of the
triple-phase-boundary is independent of the porosity, i.e.

LTPB is only determined by the loading.

herefore, it is theoretically feasible that a larger TPB length can
e obtained by improving the substrate porosity and the loading
f i-particle.
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o
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o
i

ources 179 (2008) 177–185

.2. Experimental results and analysis

.2.1. Anode micro-structure
The substrate porosity increased with the amount of the pore

ormer. The porosity before reduction was 31, 42 and 54%
or FC10, FC20 and FC30, respectively. As shown in Table 1,
ncrease in open porosity makes it easier to load SDC. The load-
ng obtained with each cycle was about 71 mg cm−3 for FC10
7]. The average values for FC20 and FC30 were approximately
4 and 130 mg cm−3, respectively. As a result, it appears that for
given loading FC30 requires the least impregnating–heating

ycles, which implies a simplified fabrication process [3].
SEM picture of the cross-section view for FC30 anode is

hown in Fig. 4. The average size of NiO particles is close to
�m. After 648 mg cm−3 of SDC was impregnated, very fine
nd well dispersed SDC particles with an average diameter of
100 nm were observed to be coated on the large particles. The

istribution of SDC particles appears to be not only uniform but
lso continuous, which is important for ionic conducting within
he electrode.

.2.2. Fuel cell performance
The open circuit voltages (Vocs) at 600 ◦C were between 0.82

nd 0.87 V, which were typical for SOFCs with thin film ceria as
he electrolytes. The relative low Vocs are believed to be due to
n internal short-circuit for the reduction of ceria and the effect
f interfacial polarization resistance on a mixed-conducting film
lectrolyte [28].

The dependence of the cell voltage and power density on cur-
ent densities at 600 ◦C with humidified (3% H2O) hydrogen as
he fuel is shown in Fig. 5. The data shown in Fig. 5a and b were

easured with cells that were prepared with 20 and 30 wt.% pore
ormer, respectively. The performance of the cell with 10 wt.%
ore former has been reported previously [7]. The cell perfor-
ance changes with the amount of coated SDC. Increasing the
DC loading can enhance the performance. A peak power den-
ity was observed for all the cells. As shown in Fig. 5b, when
0 wt.% pore former was applied and 648 mg cm−3 SDC was
mpregnated, the single cell (FC30-5) demonstrated the high-
st performance with 723 mW cm−2 of the peak power density.
imilarly, 631 and 571 mW cm−2 of the peak power density
ere obtained with cells that were prepared with 20 and 10 wt.%

tarch, respectively.
The trend of change in cell performance is shown in Fig. 6

y presenting relationship between the peak power density and
he SDC loading. In the case of FC30, the peak power den-
ity was 385 mW cm−2 when no SDC was impregnated. It
ncreased to 498 mW cm−2 when 389 mg cm−3 of SDC was
mpregnated. The peak power density increases to the maxi-

um value, 723 mW cm−2, when 648 mg cm−3 of SDC was
eposited. The same tendency was also observed on the cells
hose anodes were prepared with 10 and 20 wt.% pore former.
hese indicate that the improvement in the cell performance

riginates from the prolonged length of TPB by increasing the
DC loading, which is in good agreement with the result from
ur model as discussed previously. However, further increase
n the loading lowered the cell performance. As demonstrated
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Fig. 4. SEM micrographs for FC30: (a) substrate, (b) loade

n Fig. 3, the presence of the multilayer deposition results in a
ecrease in LTPB. Therefore, the decrease in peak power density
s associated with LTPB reduction as a result of insufficient gas
upply.

The model demonstrates previously that increased porosity
nables more SDC particles to be deposited so that LTPB per
nit volume can be prolonged. For example, when the poros-
ty increases from 0.3 to 0.5, LTPB increases with the loading
ill λ = 100%. Consequently, an increase in the highest peak
ower density with porosity is expected. This can be clearly
een in Fig. 6. The ratio of the highest peak power density of
C10, FC20, and FC30 is 1:1.09:1.27 while the ratio of LTPB
or the anode in FC10, FC20 and FC30 is 1:1.22:1.29, calcu-
ated based on Eq. (16) when λ = 100%. Considering the fact
hat the highest peak power density might be achieved at SDC
oading slightly different with that as shown in Fig. 6, it seems
o have some quantitative relationship between the highest peak

owder density and LTPB per unit volume. It should be noted
hat too high porosity will result in with very poor mechanical
trength. Note also that the loadings related to the highest peak
ower density are smaller than that derived from the calculation

4

u
c

h 648 mg cm−3 of SDC and (c) high magnification for (b).

t λ = 100% with an assumption that 2θ1 = 60◦. This is possi-
ly due to the choice of the angle contact. For example, when
he contact angle of 70◦ is adopted, the calculated maximum
oading is 182, 463 and 624 mg cm−3, respectively, which are
maller than the experimental values.

Before the highest peak power density is achieved, it can
e found that the peak power density is nearly equal although
he porosity is different, especially in the case of FC10 and
C20. It is consistent with the conclusion that the same load-

ng results in the same LTPB when λ = 100%. The fitted curves
hown in Fig. 6 indicate that almost no improvement in cell
erformance would be expected when the loading is low, for
xample, 10 mg cm−3. This situation agrees well with the model
imulation when Figs. 6 and 3 are compared. The predicted SDC
oading for the percolation threshold is 29, 36 and 38 mg cm−3

or FC10, FC20 and FC30, respectively.
.2.3. Resistance of the anode/electrolyte interfaces
Typical impedance spectra for the FC20 and FC30 measured

nder open circuit conditions at 600 ◦C using a two-electrode
onfiguration are shown in Fig. 7a and b. Since the electronic
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Fig. 5. Dependence of the cell voltage and power density on current density at
600 ◦C for (a) FC20 and (b) FC30 with humidified (3% H2O) hydrogen as the
fuel.

Fig. 6. Dependence of the peak power density on SDC loading for cell prepared
with different amount of pore former (The data of FC10 are derived from Ref.
[7].).
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ig. 7. Impedance spectra measured at an open circuit condition for (a) FC20
nd (b) FC30.

onduction in SDC electrolyte is not negligible under the fuel
ell condition, the interfacial polarization resistance (Rp) must
e adjusted according to the following equation [28,29]:

p = Rt − Ro

(Voc/EN)[1 − (Ro/Rt)(1 − (Voc/EN))]
(17)

here Voc is the open circuit voltage, EN the Nernst potential
cross the cell. The ohmic resistance, Ro, measured from the
igh frequency intercept with the real axis, is primarily contri-
utions from the electrolyte. Rt is the intercept of the impedance
ith the real axis at low frequency. It is difficult to separate the

nodic polarization resistance, Ra, from the cathodic one because
f the complexity of the impedance spectra obtained with an
node-supported cell [30]. The variation of Rp, however, can be
onsidered to be only derived from that of Ra since the cathode

abricating process was kept as consistent as possible so that
he cathodic polarization resistance can be identically achieved.
ig. 8 shows the variation of Rp with SDC loading for FC20
nd FC30. For FC20, Rp decreased from 0.330 � cm2 when no

Fig. 8. The variation of Rp with SDC loading.
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DC was coated to 0.182 � cm2 when 564 mg cm−3 of SDC
as deposited. In the case of FC30, Rp was 0.285 � cm2 for the

ell without any coated SDC. With 648 mg cm−3 of deposited
DC, Rp was reduced to 0.151 � cm2. The decrease in Rp is
.148 and 0.134 � cm2, respectively, and is 45 and 47% of Rp
or the corresponding cells without impregnation. The change
f interfacial polarization resistance versus SDC loading agrees
ell with the variation of peak power density versus the loading.

t is clear that the improvement of cell performance is primarily
ue to the decrease of Ra as an effect of pronounced triple-phase
oundary caused by impregnating–heating treatment.

It can be observed that the ohmic resistance, Ro, was also sig-
ificantly reduced after impregnating–heating treatment. Take
C30 as an example, Ro decreased from 0.278 � cm2 for FC30-
to 0.105 � cm2 for FC30-4. It is possibly accounted for the

nlargement of contact area at the anode/electrolyte interface
y means of the impregnation process. Wanzenberg et al. [31]
ound that the measured conductivity of YSZ film electrolyte
as low compared to that of the YSZ bulk material previous

eported. They attributed this to the relative small contact area
etween the porous electrode and electrolyte derived from the
lectrode pore and the roughness of the electrolyte surface.
n our work, when no SDC was deposited, open pores with
igh pore volume derived from pore former make this con-
act area not continuous but consist of discrete point contacts.
fter impregnating–heating treatment, nano-sized SDC parti-

les enlarge significantly the contact area between the ionic
hase and electronic phase. Consequently, Ro is substantially
educed. Vanberkel et al. [32] also pointed out that smaller par-
icles at the electrode/electrolyte interface could make for larger
rea that was involved in faster reaction kinetics and higher cur-
ents that could be drawn through the electrode. It is noted that
oo much impregnated-SDC, such as FC30-5 with 778 mg cm−3

f the loading, caused an increase in Ro and Rp which resulted in
decrease of the cell performance. This suggested that excessive
DC loading may increase ionic resistance and decrease LTPB,

herefore reduce the cell performance.

. Conclusions

We demonstrate a strategy to achieve the anode with high
erformance via not only a micro-model but also experiments.

geometric micro-model for the electrolyte-coated anode
s developed according to a random packing system and an
ssumption of monolayer coverage. The model shows that the
ength of triple-phase-boundary depends on the porosity and the
mpregnation loading when an ion impregnation method is used
o fabricate the anode. In the porosity range of 0.3–0.5, the maxi-

um loading increases with porosity. Hence, the prolonged TPB

ength per unit volume can be achieved by improving the poros-
ty and the loading. In experiments, Ni was used as electron
onducting matrix and SDC as ion conducting impregnation.
he highest peak power density of the cells whose anode pre-
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ared with 10, 20 and 30 wt.% pore former was 571, 631 and
23 mW cm−3, respectively at 600 ◦C when hydrogen was used
s the fuel. The experiment showed good agreement with the
odel, providing some insight into the optimization of the elec-

rode.
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