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Abstract

The anodic performance enhancement of solid oxide fuel cells (SOFCs) by introducing penetrating electrolyte structures was investigated
using a random resistor network model considering the transport of electrons and ions, and the electrochemical reaction in composite anodes.
The composite anode was modeled as a mixture of ionic and electronic particles, randomly distributed at simple cubic lattice points. The
dependence of the anodic polarization resistances on the volume fraction of the electronic phase, the thickness of the anode, and the insertion o
various penetrating electrolyte structures were explored to obtain design criteria for best performing composite anodes. The network simulation
showed that the penetrating electrolyte structures are advantageous over flat electrolytes by enabling more efficient use of electrochemical
reaction sites, and thereby reducing the polarization resistances.
© 2004 Elsevier B.V. All rights reserved.

Keywords: Solid oxide fuel cell; Composite anode; Penetrating electrolyte structures; Anodic polarization resistance; Random resistor network model

1. Introduction While thinner electrolytes generally perform better aside
from mechanical problems, that is not true with electrodes.
SOFC is a high temperature fuel cell that directly converts The performances of the anode and the cathode of SOFC
chemical energy of gaseous fuel and oxidant to electrical en-are not only governed by the transport of oxygen ions and
ergy by electrochemical reactifty]. A typical SOFC is com- electrons, but they are also governed by the electrochemical
posed of a composite anode made of nickel (Ni) and yttria- reaction (also by the transport of the gas molecules of fuel and
stabilized zirconia (YSZ), and a composite cathode made of oxidant). The electrochemical reaction is generally accepted
lanthanum strontium manganite (LSM) and YSZ, attached to occur at three phase boundaries (TPBs) where all the com-
to either side of a thin YSZ electrolyte. The performance of ponents required for the electrochemical reaction (oxygen
SOFC is, therefore, sum of the performance of each com-ions, electrons and gas molecules) co-exist by the contact of
ponent comprising SOFC. The ionic conductivity of YSZ is ionic phase, electronic phase, and gas-diffusing pores. While
around 0.1 S cm at 1000°C. The low ionic conductivity of  reducing the thickness of the electrode is favorable for the
the electrolyte is among main factors that limit the perfor- performance by decreasing the ohmic resistance and by in-
mance of SOFC. With advance in material processing, thin- creasing the rate of gaseous diffusion, it also reduces TPBs
ner electrolytes become possible and the problem due to highwhere the electrochemical reaction occurs, thereby increas-
ohmic loss has been largely overcome. Currently, electrolytesing the polarization resistance.
made of YSZ are used for intermediate temperature operation Many studies have been conducted to correlate micro-

of SOFC at about 80€CC. structural parameters and performance of the composite
electrodes in order to provide fundamental information for
* Corresponding author. Tel.: +82 28801662; fax: +82 28830179. optimization. Using either resistor network models based
E-mail addresskimcj@plaza.snu.ac.kr (C.-J. Kim). on regular lattices or random packinfgs-4] or continuum
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(S

Del volume fraction of electronic phase

) potential (V) Fig. 1. Three penetrating electrolyte structures proposed in this study. Elec-
trolytes with penetrating block structures (a), rib structures (b), and cross-

Subscripts linked rib structures (c) are shown.

io ionic phase ) ] S o

el electronic phase electronic phase, oxygen ion migration in the ionic phase,

p polarization and the reaction at TPBs formed by the contact of the two

t total phases has been developed to quantitatively assess the an-

tpb three phase boundary odic performance enhancement by the penetrating electrolyte

Q ohmic structures.

2. Random resistor network model

micro-models based on the statistics of random packings
[5-8], criteria for the volume fraction and the size of ionic Three penetrating electrolyte structures, proposed in this
and electronic particles, and thickness of the composite elec-study, are shown irrig. 1(a)—(c), where block structures,
trode to obtain optimal performance have been suggestedrib structures and cross-linked rib structures, made of ionic
Recently, an interesting experiment on the cathodic perfor- phase, are attached to the surface of the flat electrolytes. In-
mance enhancement by depositing relatively large YSZ par-troducing the bulk electrolyte structures that penetrate the
ticles onto the surface of the flat electrolyte has been reportedcomposite anode is favorable for the anodic performance
by Herbistritt et al[9]. After a numerical analysis, they pro- by enhancing the oxygen ion transport, thereby facilitating
posed that the observed better performance is directly relatecthe efficient utilization of TPBs for current generation. The
to the enlargement of the surface area of the electrolyte by penetrating electrolyte structures are also favorable for the
the deposited YSZ particles. reduction in the concentration polarization by increasing the

By extending the discussion of Herbistritt et f], we limiting current density. As the performance enhancement by
proposed penetrating electrolyte structures, the electrolytethe proposed penetrating electrolyte structures is purely ge-
structures which are attached to the flat electrolyte and pen-ometrical, such geometrical modification can be superposed
etrate into the electrode, as an efficient way to enhance thewith the invention of new materials to obtain better perfor-
anodic performance. Not to mention the increase in the inter- mance.
facial area between the electrolyte and the electrode (primary  From the mechanical point of view, the penetrating elec-
reaction sites) by the penetrating electrolyte structures, theytrolyte structures are believed to improve the reliability of
are believed to provide less resistive paths for the transportSOFC significantly. The penetrating electrolyte structures
of oxygen ions towards the interior reaction sites, thereby en- reduce the volume fraction of electronic phase in the com-
hancing the reaction efficiency of TPBs inside the electrode posite electrode, thereby relieving the problem of thermal ex-
(secondary reaction sites). In this study, a random resistorpansion mismatch between the electrolyte and the electrode.
network model considering the electron conduction in the They also facilitate interdigitated close contact at the interface
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Fig. 2. A random resistor network model for a composite anode. The com- )
posite anode is composed of equal-sized ionic and electronic particles, placed
on a flat electrolyte with a penetrating electrolyte structure. wherel;_, ; is the current flowing from the particieto the

particlej, oj is the bond conductance; andgj are the po-
between the electrolyte and the electrode, which significantly tentials of the particlé and the particlg, respectively, and
reduces the possibility of debonding or delamination. The Iicij is the charge transfer current due to the electrochemical
penetrating cross-linked rib structures, especially, can com-reaction.
plement small buckling resistances of the electrolytes, mak-  The charge transfer current is a function of the exchange
ing thinner electrolytes possib[&0]. current density, the polarization overpotential, and the re-
The composite anode of SOFC was modeled as a mixtureactant and the product concentrations in the anode, as de-
of the ionic particles (white) and electronic particles (black) scribed by Butler-Volmer equation. At low current density,
packed between the electrolyte and the current collector, asthe Butler-Volmer equation can be approximated by a linear
shown inFig. 2 Then, the resistor network was constructed charge transfer equation, and the transfer current from the
based on the particle network of equal-sized spherical parti- electronic particle to the ionic particlg is
cles, prescribed randomly as either the ionic particle or the .
electronic particle and placed at the lattice points of a simple Iij =1 = crp(<p,-e' - (p'jo ) (3
cubic lattice. Though the resistor networks based on regular Ret
lattices are only approximation of the micro-structures of the whereR is the charge transfer resistanegjs the polariza-
real composite anodes, such an approach has been provetion conductance, anglis the polarization overpotential,=
to produce reliable prediction when appropriate particle-to- g€l — i°,
particle resistances are usiet4]. CombiningEgs. (1)—(3Yesults in a single form of the cur-
The electrochemical reaction at the active reaction sites orrent conservation equations, written for a partidie neigh-
TPBs requires the oxygen ions migrated from the electrolyte poring particleg as
towards TPBs through the network of the ionic particles, and
the fuel gas molecules diffused from the channel towards Z lisj= Zaij(<pi —¢;)=0, 4)
TPBs through pores. Upon completion of the reaction, the j
resultant electrons are conducted from TPBs towards the cur- ) ]
rent collector through the network of the electronic parti- Where the bond conductaneg is defined asioo for the
cles, and the reactant gas molecules are transported back t§0ntact of two ionic particlesyee for the contact of two
the channel by diffusion. In order for the above-mentioned €l€ctronic particles, ango—e| for the contact of an ionic par-
processes to happen, the ionic particles and the electronidicle and an electronic particle.
particles should form continuous networks (percolation) as ~ 1he bond conductance is dependent on the geometry of
shown inFig. 2, assuming the continuous pore network is al- Neck formed by the contact of two spherical particles. Based
ways available. With negligible diffusion overpotential (con- 0N Sundg2,3], we assumed that the neck perimeter is equal
centration loss), the performance of the composite anodeto the TPB length per contact of d|SS|m|Iar_ particles. The
solely depends on the transport of ions and electrons, andPond conductances between the same particles were evalu-
the electrochemical reaction. In this case, the advantage ofét€d using the neck perimetgy_io andleie; and the ionic
the penetrating electrolyte structures in shortening the pathconductivityxio and the electronic conductiviig,, as
fqr the oxygen ion transport can be easily deduced from Kiokio—io kellobel
Fig. 2 Oio—io = R Oel—el = 1 (5)
The governing equations for the conservation of the oxy-
gen ions and electrons are derived from the Kirchhoff’s law The bond conductance for the contact of dissimilar particles
of current2]. Current conservations for a particieonnected is determined by the sum of ionic, electronic, and polarization
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resistances, written as

1,1, 1 -1
oj = — ,
ol 2000 Op 206}l
where the polarization conductanegis defined by the po-
larization conductivitycp times TPB lengthpp, as

(6)

()

O'p = Kpltpb

For the consideration of the penetrating electrolyte structures, Z li,j= Z oij(pi — ¢j) <&,

ence of unity between the top and the bottom boundapigs (

— @pot = 1), the distribution of the potential in the composite
anode was determined. For the solution of the system of gov-
erning equations, the method of successive substitution was
used with Gauss—Seidel iterative solver. The convergence of
the potential was judged by the divergence of the current for
all percolated particlesto be smaller than a predetermined
value as

(9)

the conductance between two cubic electrolyte blocks whose j

length is same as the diameter of the spherical pardicie
necessary. That is

(8)

B .
Oio—io = Kiods.

3. Calculation

where the convergence criterienwas 1014 A

Once the potential distribution was obtained, the currents
flowing through the top and the bottom boundaries were cal-
culated by adding currents through all particles adjacent to
the boundaries. The total current flowing through the com-
posite anodd; was determined by averaging the currents
calculated at the top and the bottom boundaries. The total

Geometrical and electrochemical parameters used for theelectrical resistanci was estimated as

random resistor network simulations are summarized in
Table 1 The electrochemical parameters were from Sunde R; + Re =

$Prop — Pbot __ 1

: 10
I I (10)

[2,3] as they were proven to produce results consistent with
published experimental observations. For example, the ionicwhereRe is an electrical resistance of an electrolyte layer
conductivity of YSZ and the electronic conductivity of Ni  which was included to reduce the effect of an equi-potential
are standard electrical conductivities measured at the tem-condition atthe bottom boundary. In the simulation, the thick-
perature of 1000C (0.1 S cmt for YSZ and 2x 10* Scni! ness of the electrolyte layer was fixed toj2® (Ie = 20um),
for Ni). Only the composite anode composed of equal-sized andRe was calculated by
ionic and electronic particles was considered due to the limi-
tation of the regular lattice. However, such calculation based Re =
on the regular lattice is believed to be useful for detecting
important features of the transport and reaction in random  Sund€2,3] has proposed a way to single out the polariza-
particle systems. tion resistanc&, from the total resistandg. By setting the
The numerical simulations were conducted by solving the polarization conductivity to be infinitef = oo), the ohmicre-

le e

. 11
KioA Kiolxly ( )

current conservation equation €. (4)for each percolated

sistancdr was evaluated at the first hand. Then, the polariza-

ionic and electronic particles. The linearity of the resistor net- tion resistanc&, was determined froR, = Ry — Rq, where
work system enables the arbitrary choice of the potentials asR: was the total resistance obtained from simulations with

boundary conditions, the potentials at the g and at the
bottom boundariegpot. By prescribing the potential differ-

Table 1

Geometric and electrochemical parameters for random resistor network

simulation

Parameter Value Description

ds 2pm Diameter of spherical particle

Is, ly 40pm Length of electrode i®r- andy-direction

I 50pum Thickness of electrode

le 20pm Thickness of electrolyte layer

la, Ib 20pm Lengths for definition of penetrating
electrolyte structures ir- andy-direction

le 20pm Height of penetrating electrolyte structures

ltpb 3um TPB length per contadip, = 3 x (0.5ds)

lio—io, leleel 3 pm Neck perimeter between ions and electrons

Kel 2x 10*Scm!  Conductivity of electronic phase (Ni)

Kio 0.1Scmt Conductivity of ionic phase (YSZ)

Kp 104Scm? Polarization conductivity with respect to
TPB length

Qel 0-1 Volume fraction of electronic phase

an appropriate polarization conductiviky. However, it is
rather insignificant to distinguish the polarization resistance
from the total resistance once percolation in the electronic
particles is achieved. When the volume fraction of electronic
phase in the electrode is sufficiently largg (> 0.3), the
ohmic resistanc®g becomes small compared with the total
resistance.

4. Results and discussions

4.1. Performance enhancement by penetrating
electrolyte structures

Fig. 3shows the calculated area specific resistaRgA®f
the composite anodes, with and without the penetrating elec-
trolyte structures, as functions of the volume fraction of elec-
tronic phasepe. The results presented as symbols-ig. 3
are averages of 10 results for each simulaggdwith dif-
ferent random seed numbers. The area specific polarization
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Fig. 3. Area specific polarization resistané® (a) and total resistancégA (b), with respect to the volume fraction of electronic phage Symbols with
solid lines represent the flat electrolytg)( and the electrolytes with penetrating block structuces, (rib structures 4), and cross-linked rib structures.
The result for the flat electrolyte by Sunf# is also plotted for comparison by a symbl)(with no line.

resistancépyA without the penetrating electrolyte structures, Fig. 3(a) shows that the penetrating electrolyte structures
shown inFig. 3(a), is in good agreement with the result by reduce the polarization resistance and thus enhance the an-
Sundg?2], where small discrepancy can be partially attributed odic performance, especially wheyg, is large. As noted by

to the dispersion of data in Monte-Carlo simulation. In ad- Herbistritt et al[9], one reason for the performance enhance-
dition, the present calculations excluded the particles that doment is related to the surface enlargement by the penetrating
not belong to the percolated clusters, and this approach iselectrolyte structures. All three penetrating electrolyte struc-

different from that of Sundg,3].

All polarization resistances, shown Fig. 3(a), exhibit
similar trends with respect t9e). Starting from high value,
each polarization resistance reaches its minimum at @4 <

tures, shown irFFig. 1(a)—(c), were found to double the sur-
face area of the electrolyte when their dimensions were set
according tarable 1 In casepe| > 0.7, the ionic phase cannot
achieve a global percolation and TPBs are spatially restricted

< 0.5, and then increases again. Such behaviors are closelyn the vicinity of the electrolyte surface. That result$imgpn

related to the total number of TPBsSnypn shown inFig. 4(a).
As polarization conductanas is relatively small compared
with the electronic and the ionic conductivities, the overall

directly proportional to the surface area of the electrolyte, as
shown inFig. 4(a). As¢e| approaches 1, three polarization
resistance curves with the penetrating electrolyte structures

anodic performance is governed most by total TPB length fall into one line, about half of that with the flat electrolyte

> ltpb (FX_Nipb % ltpb). Therefore, minimum resistance or
maximum performance is generally observedpgt~ 0.5
where)_lypn becomes largest. Slight discrepancy betwggn
for minimum resistance and that for maximQniy is due to
large difference in conductivities of the ionic and electronic
phases.

15000 T T T T

10000

Zn,,, (# contact)

5000

(@) q)el

(without the penetrating electrolyte structures).

The area specific total resistancBgA are shown in
Fig. 3(b) for 0.35 <¢¢ < 0.65, where percolation of both
ionic and electronic phases is ensured. MinimiggA is ob-
served at 0.4 9¢ < 0.45 and the reduction is estimated as
much as 20% in case the penetrating block structures are

1000

n,, (# contact)
W ~

(b) 1, (# particle)

Fig. 4. Total number of TPBEntpb with respect to the volume fraction of electronic phagg(a), and the spatial distribution of TPBgp for ¢e = 0.5 with
respect to the ion path length (b). Symbols represent the flat electrolyiié)(and the electrolytes with penetrating block structu(@g, (rib structures 4),

and cross-linked rib structuresy).
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considered. Though the surface enlargements by the three 400
penetrating electrolyte structures are same, the sacrifice of
the total TPB lengtt} lipn due to the addition of bulk ionic
phase is different, which causes difference in the anodic per-
formance enhancement.

For a closer inspection of the performance enhancement
by the penetrating electrolyte structures, the spatial distribu-
tion of TPBsnyp, as a function of the relative distance from W 200 F
the electrolyte was investigated. For this purpose, each per-
colated ionic particle was labeled by an ion path lerigth
which was defined as the minimum number of ionic particles
for ions to travel through to reach the bulk electrolyte phase,
counting itself as 1. Then, the number of TPBs was added
for the ionic particles with the sanig, to obtain the distri-
bution of TPBmtpb(lp)- The'TPBS.formed by direct contacts Fig. 6. Area specific polarization resistané@# with respect to the elec-
of the percolated electronic particles onto the surface of the rode thickness for ¢e = 0.5. Symbols represent the flat electrolyi),(
electrolyte were assigned igy,(0). and the electrolytes with penetrating block structu¢gs, ¢ib structures4),

Fig. 4(b) suggests that the penetrating electrolyte struc- and cross-linked rib structures).
tures change the spatial distribution of TPBs, i.e., the shape of
nipb(lp); they increase TPBs that have shorter ion path lengths caying function that decreases about 50% at every increase of
at the sacrifice of TPBs that have longer ion path lengths. the ion path length by 5 particle unit. That is to say, TPBs at
The change of the spatial distribution of TPBs is another the electrolyte surface produce about four times more cur-
reason for the performance enhancement by the penetratingent than TPBs of the ion path length of 10 particle unit
electrolyte structures. The three penetrating electrolyte struc-(Iypp(0) & 4/1pn(10)). As TPBs that have shortest ion path
tures result in different degrees of change; largest for the length are most effective, rather small difference in perfor-
penetrating block structures, and smallest for the penetratingmance enhancement by three penetrating electrolyte struc-
cross-linked rib structures. Therefore the total area specifictures, shown irFig. 3(b), can be explained.
resistances with the penetrating block structures are smallest Variation of the area specific polarization resistaRga
as shown irFig. 3b). according to the thickness of the composite electipdpe|

The current generation with respect to the ion path length = 0.5 is shown inFig. 6. The calculated polarization resis-
I4(Ip) is shownirFig. Xa). Itis observed that about 75% ofthe  tance for the flat electrolyte shows a good agreement with the
total current is produced by TPBs whose ion path lengths aretheoretical prediction by Kenjo et Hl1], which is expressed
less than 10 particle$y(< 10) in case of the flat electrolyte.  as

When the penetrating electrolyte structures are introduced,
o P
— = +/pkcothy | —,
Io kl

w

(=3

(=1
T

A (mQ~cm2)

R

100

0 10 20 30 40 50
I, (um)

the percentage goes up to 85%. By dividing the current gen- Rp =
eration by the number of TPBs dg(lp)/ntpn(lp) = Tpb(lp),

the current generation efficiency of TPBs as a function of the wherepg andlg are the potential difference and the current,
ion path length is investigated. As shownhig. Xb), the is the resistivity of the electrolyte, ahi the electrode thick-
current generation efficiendyp(lp) is an exponentially de-  ness. InFig. 6, all polarization resistances initially decrease

(12)

. 410° . . . . .
=
Q 8
- g310° | .
=]
(=}
(&}
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=~ 8
. < 210° .
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=
S
=
~ 8
. sl 107 .
~
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Fig. 5. Distribution of current generatidg (a) and the current generation per TRy (b), for ¢e) = 0.5 with respect to the ion path lendth Symbols
represent the flat electrolytelf, and the electrolytes with penetrating block structug@$, (ib structures 4), and cross-linked rib structuresy,
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with the increase of the anode thickness and then remainsistance with the penetrating rib structures reaches minimum
rather constant. When the thickness of the composite anodeatl; ~ 40 ..m while that with the penetrating block structures
is small, TPBs in the anode are limited in number; this results remains constant fdg > 40pm. The polarization resistance
in large polarization loss and resistance. However, once suffi-with the penetrating cross-linked rib structures shows a dis-
cientnumber of TPBs is ensured, an additional increase of thetinctive minimum at; ~ 35um.
anode thickness does not reduce the polarization resistance. The distributions of TPBs with respect to the ion path
For the flat electrolyte, TPBs in the anode become sufficient length |, are shown inFig. 7(b), for different heightd
for the electrochemical reaction when the anode thickhess of the penetrating block structures. Increasing the height of
the penetrating block structures continuously increases TPBs
whose ion path length is smaller than 10 particle unit while
decreasing TPBs that have the longest ion path length. Since
TPBs with smaller ion path length are more efficient in elec-
trochemical reaction and current generation, the anodic per-
formance increases with the increase of the height of the
penetrating block structures. The spatial distribution of TPBs
As a first step for the optimization of the penetrating elec- shows that the ion path lengths of all TPBs are within 20 par-
trolyte structures, the behaviors of the area specific polar- ticle unit for the block height of 3gm, and within 10 patrticle
unit for the block height of 4Q.m. Then, further increase of
the height of the penetrating block structures cannot improve

is larger than 2@um. In Fig. 5a), the current produced by

TPBs that have less than 20 particle uhit£ 20) amounts
more than 90% of total current.

4.2. Optimum design of penetrating electrolyte
structures

ization resistanceRpA of the composite anode with varying

heightl; are shown irFig. 7(a). The anodic polarization re-
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I, =50um
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Fig. 8. Area specific polarization resistariRgA of the composite anode with penetrating block structuregdpr 0.5. The heights of the penetrating block

structured, are 30um (a) and 4Qum (b), and the thickness of composite andgde 50.m.
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Fig. 10. Area specific polarization resistai@ of the composite anode with penetrating cross-linked rib structureg fer0.5. The heights of the penetrating
cross-linked rib structurds are 30um (a) and 4G.m (b), and the thickness of composite anbgdis 50p.m.

the anodic performance and may deteriorate the performanceanodic performance with the penetrating block structures is

on the contrary. achieved whethy > I, while that with the penetrating cross-
From Fig. 7, the criterion for the height of penetrating linked rib structures is achieved whigrx |,. The penetrating

electrolyte structures (for 50m thick composite anode) is  rib structures are found to perform best whgr- Ip. When

identified and the heights of 30 and @t are chosen for fur-  the ratioly/l is equal, the penetrating electrolyte structures

ther optimization. The polarization resistances obtained by with smallerl, + I, perform better, for the surface enlarge-

varying the planar dimensions of the penetrating electrolyte ment is larger.

structuresl|; andly, are shown irFigs. 8-101t is found that

about 40-45% reduction in the anodic polarization resistance

can be achieved by the optimization of the planar dimensions5. Conclusions

and the difference in the minimum resistances with three pen-

etrating electrolyte structures is rather small; 9mn? for Attachment of the penetrating electrolyte structures to the

the penetrating block and rib structures, and 98 om? for conventional flat electrolytes of SOFCs was proposed, and the

the penetrating cross-linked rib structures, compared with reduction in the anodic polarization resistances was quantita-

184 mQ cn? for the flat electrolyte. The minimum polariza- tively assessed using a random resistor network model. The

tion resistances are also rather insensitive to the height ofpredicted dependency of the anodic performance on micro-

the penetrating electrolyte structures, resulting only about structural parameters is consistent with the results in the

5% difference for the height of 30 and g¢@n. The optimum literature, showing that the anodic performance is mainly
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governed by the reaction efficiency and the total TPB length area of the electrolyte more. Optimal heights of the penetrat-
of the composite anode. The best anodic performances werang electrolyte structures are estimated to be between 60 and
obtained when the volume fraction of electronic phase is be- 80% of the thickness of the composite anode. As to the opti-
tween 0.4 and 0.5, and when the thickness of the anode ismal ranges for the planar dimensions, minimum polarization
sufficiently large. resistances are achieved, whenly, for the penetrating block

The simulation results demonstrated that the penetratingstructures, whety < I, for the penetrating cross-linked rib
electrolyte structures could reduce the anodic polarization structures, and whdg~ I, for the penetrating rib structures.
resistance considerably. From the investigation on the dis-
tribution of TPBs, the shift in the spatial distribution due
to the penetrating electrolyte structures is identified as the References
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