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For the example shown in Fig. 1, the incorporation of BME-44 as
potassium carrier gives a potential shift of 324 mV, suggesting that
the uncomplexed potassium concentration is decreased by a fac-
tor of 3. 5 X 10°, which translates into an effective stability constant
log B« = 7.8. The data from Fig. 2 reveal the complexation of sodi-
um ions by the carrier. The observed potential shift of 159 mV can
be related to an effective complex formation constant of log By, =
5.0. These data correspond well to the ones obtained previously
with optical measurements on thin polymeric films coated on glass
slides, 7.9 and 5.5 respectively.* This suggests that the transition
from optical to potentiometric measurements may be a valid
approach to the characterization of neutral cation carriers. Since
the electrode response in the activity region of cation interference
should be fully governed by the incorporated potassium carrier, the
potential differences between potassium and sodium response
should be comparable to the potassium selectivity of established
potentiometric sensors containing this ionophore. The data pre-
sented here suggest a Nicolskii coefficient of log K&, = —3.2,
which is comparable to values reported earlier.” Interestingly, the
difference in the two logarithmic complex formation constants as
obtained in this work is only —2.8. This again confirms that the
selectivity of ion-selective electrodes is not only given by the ratio
of complex formation constants but also by the refative lipophilici-
ties of the ions. At high sample pH, the measured potentials of
membranes with H™ ionophore only are 24 mV lower in sodium
chloride solutions than in potassium chloride (see Fig. 1 and 2).
Since potassium ions are somewhat more lipophilic, the potassium
selectivity of the sensor is higher than expected on the basis of
complex formation alone. This example shows how the addition of
a second ionophore to the membrane can reveal these processes
in an elegant way.

Conclusions

Since ion-selective electrode membranes respond to the activi-
ty ratio of uncomplexed ions in the membrane and aqueous phase,
they are in principle appropriate experimental tools to assess com-
plex formation constants of ion carriers directly within the mem-
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brane phase. The experimental drawbacks that the complex for-
mation occurs simultaneously at the membrane-inner filling solu-
tion and that the electrode response is also dependent on the rel-
ative lipophilicity of the extracted ion however has prohibited such
an approach in the past. We have circumvented these problems by
proposing to incorporate an additional, highly selective H* carrier
into the membrane that allows for the direct measurement of effec-
tive complex formation constants of ionophore complexes within
solvent polymeric membranes. Further studies in this direction are
in progress.
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ABSTRACT

Self-ordering of the cell arrangement of the porous structure of anodic alumina has been studied in a sulfuric acid solution. Ordering of
the cell arrangement was dependent on the applied potential, and a highly ordered structure was obtained under anodization at a constant
potential of 25 to 27 V. Self-ordering of the porous structure proceeded with the growth of the oxide layer under anodization at an appro-
priate potential, and a porous film with an almost ideal hexagonal honeycomb structure was formed over an area of several micrometers

after a long period of anodization.

Introduction

Anodic porous alumina, which has a typical naturally occurring
self-ordered structure, has recently attracted increasing attention
as a key material for fabrication of devices on a nanometer scale,
such as electronic and photoelectronic devices,"* and for applica-
tion to micro- and ultrafiltration.”®** For these applications, well-
characterized regular membranes with ideal pore configurations
are particularly useful.

The geometry of anodic porous alumina may be schematically
represented as a honeycomb structure which is characterized by a
close-packed array of columnar hexagonal cells, each containing
a central pore normal to the substrate, as shown in Fig. 1."'
However, the geometry of the anodic porous alumina usually
obtained is far from the idealized model; that is, the cells are irreg-
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ular polygons, and the arrangement of the cells and pores is not
ideal hexagonal. This irregularity of the porous structure causes
distortion of the cross section of the pores and broadening of the
pore diameter distribution.

Recently we reported that a highly ordered honeycomb structure
with an almost ideal hexagonal arrangement can be obtained over
relatively large areas under a specific anodizing condition in oxal-
ic acid solution."®"® The condition of the setf-ordering of the cell
arrangement was characterized by a longer anodization period
compared to the usual anodizing and application of a constant
appropriate anodizing potential. The most appropriate potential for
the ordering of the cell arrangement in oxalic acid was ca. 40V,
and at a lower anodizing potential, e.g., 25 V, ordering could not be
observed.

This new type of ancdic porous alumina with an ideal regular
structure can be used for many applications. The long-range order-
ing of anodic porous alumina is advantageous to optimize the



Fig. 1. Schematic model of ideal porous structure of anod-
ic alumina.

properties of the fabricated devices. In addition to this, an ideally
arranged hexagonal configuration of the cells contributes to a nar-
rowing of the size distribution of pores because of their almost per-
fect circular section. Furthermore, there has been strong interest in
fundamental studies of the self-ordering on a nanometer scale of
such oxide films on metals.

In this article we show that the ordered structure can be obtained
in a sulfuric acid solution,'® which is the solution most commonly
used to anodize Al. The ordering of the cell arrangement of the film
occurred under a constant potential condition in a similar manner
to anodization in oxalic acid. However, the potential required for
self-ordering evidently differs from that required in oxalic acid. This
finding is of great practical importance in extending the range of
anodizing conditions for the highly ordered structure, because the
cell size is known to be directly related to the anodizing potential.'®

Experimental

An aluminum sheet (99.99% purity, 10 X 50 x 0.3 mm) was
degreased in acetone, and was electropolished under a constant-
current condition of 100 mA cm 2 for 3 min in a mixed solution of
HCIO, and C,H;OH.

Anodizing was conducted under a constant cell potential condi-
tion in a sulfuric acid solution. It can be expected that ordering of
the cell arrangement occurs under the long-period anodization at
an appropriate potential. For this reason, the cell configuration was
examined by changing the applied potential and anodizing period.

After anodization, the anodic oxide film was chemically removed
from the aluminum using a saturated Hg,Cl, solution. Subsequent
etching treatment was carried out in a 5 weight percent (w/o)
H,PO, solution at 30°C. This makes it easy to observe the arrange-
ment of the pores by removing the bottom part of the anodic oxide
film called the barrier layer. The structures of the anodic porous
alumina formed under different conditions were observed from the
bottom side of the film using a scanning electron microscope
(SEM, JEOL JSM-6100).

Results and Discussion

At the initial stage of anodization of aluminum, the points of pore
initiation are spread randomly over the aluminum surface.'
Ordering of the cell arrangement proceeds with the anodizing time
after steady state in the growth of the porous structure is estab-
lished. Therefore, the ordered structure cannot be observed at the
surface of the film. We examined the cell arrangement of the film
from the bottom side of the membrane after removing the Al sub-
strate with an etching treatment in a saturated Hg,Cl, solution and
subsequent removal of the barrier layer in an H,PO, solution.

SEM micrographs of the cell arrangement obtained different
anodizing potential are shown in Fig. 2. Observation of the cell
arrangement was carried out using films with an almost constant
thickness of 25 + 3 pm, because the ordering of the cell arrange-
ment was dependent on the film thickness. As clearly shown in
Fig. 2, the ordering of the cell arrangement was dependent on the
anodizing potential. The most appropriate potential for cell order-
ing was 25 to 27 V. Because stable anodizing at potential above 27
V was difficult to maintain due to the occurrence of pitting on the
surface, we could not examine the dependence of the ordering on
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anodizing potential above 27 V. Self-ordering of the cell arrange-
ment could not be observed at 25 to 27 V in oxalic acid solution.
This result indicates that self-ordering, which controls the cell
arrangement, occurs only in the specified potential region, and the
most appropriate potential for self-ordering varies according to the
anodization solution.

Figure 3 shows the dependence of the regularity of the cell
arrangement on the thickness of the film obtained at an anodizing
potential of 25 V. Other parameters in anodizing, such as concen-
tration of the sulfuric acid and temperature of the solution, did not
clearly affect the self-ordering of the cell arrangement. In Fig. 3,
the time required to form the films is described along with the thick-

Fig. 2. SEM micrographs of anodic porous alumina formed
under different potential conditions, in 0.3 M H,SO, solution
at 0°C; (a) 20, (b) 23, (c) 25, and (d) 27 V. Anodizing periods
are: (a) 1500, (b) 1000, (c) 706, and (d) 450 min.
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Fig. 3. Dependence of ordering of the cell arrangement of
anodic porous alumina on the thickness of the film, obtained
in 0.5 MH,SO, at 25V and 10°C; (a) 2.4 um [9 min], (b) 10.6 pm
[36 min], and (c) 202 pm [750 min].

ness. It is shown that self-ordering proceeds with the growth of the
oxide film and that a porous structure with an almost ideal hexag-
onal structure was obtained over an area of several micrometers
after anodization for 750 min.

In the porous structure, characteristic patterns of pore configu-
rations can be observed, as indicated by the arrows in Fig. 3a.
Most pores are arranged in a hexagonal configuration with an
almost perfectly round section, while the characteristic patterns at
defects were composed of distorted circular pores. With ordering
of the cell configuration, the number of occurrences of these pat-
terns decreases, and an improved ordered structure is formed.

From the low-magnification micrograph in Fig. 4, it is seen that
the part with an ideal cell arrangement has a domain structure, on
the boundary of which defects are concentrated. These cell
arrangements are similar to those obtained using an oxalic acid
solution except that the potential required for ordering in the sulfu-
ric acid differs from that required in oxalic acid."”

The detailed mechanism of formation of the highly ordered struc-
ture is not yet clear. During the steady-state growth of films under
constant-potential conditions, cells with almost identical size must
generate a regular arrangement of close-packed arrays of hexago-
nal cylinders. However, under the usual anodizing conditions, per-
turbations in the configuration of the grown cells result in a large
number of defects in the cell arrangement. It is assumed that dur-
ing anodization at a specific potential, almost perturbationless
growth becomes feasible resulting in a highly ordered structure.

anodizing conditions are the same as those for Fig. 3c.

Conclusion

Anodic porous alumina with an almost ideal ordered honeycomb
structure could be obtained in sulfuric acid solution. The potential
required for self-ordering was lower than that for oxalic acid solu-
tion, which permits fabrication of an ordered structure with smaller
dimensions.

In the anodization procedure used here, an ordered structure
could be formed only at the bottom of the film. For the fabrication
of the symmetrical films with straight holes throughout the entire
film, a two-step anodization process'® can be used. In this process,
the concave texture of the Al surface which is formed by selective
removal of the film after the first anodizing step can induce ordered
formation of pores even at the initial stage of anodization in the
second anodizing step.

In previous reports, we demonstrated the preparation of nano-
hole arrays of metals'”?*' and semiconductors,**** using two-step
replication of the honeycomb structure of the anodic porous alumi-
na prepared in oxalic acid solution. The ordered anodic porous alu-
mina obtained in the sulfuric acid solution can be used to fabricate
nanohole arrays with finer dimensions than those obtained in the
oxalic acid solution.
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Low-Temperature Solid-Oxide Fuel Cells Utilizing Thin
Bilayer Electrolytes

Tsepin Tsai,* Erica Perry, and Scott Barnett

Department of Materials Science and Engineering, Northwestern University, Evanston, Hlinois 60208, USA

ABSTRACT

Solid-oxide fuel cells (SOFCs) with electrolytes that provide high open-circuit voitage (OCV) and low ohmic ioss down to 550°C are
described. The electrolytes were bilayers consisting of a 4 to 8 pm thick Y-doped ceria (YDC) layer with a 1 to 1.5 pm thick Y-doped zir-
conia (YSZ) layer on the fuel side. The cathode/supports were La, Sr, ,sMnO,-YSZ. The anodes consisted of thin YDC and Ni-YSZ lay-
ers. The YDC/YSZ electrolyte SOFCs yielded 85 to 98% of the theoretical OCV, compared with =~50% for YDC electrolyte SOFCs. The
cathode overpotential, which was a main factor limiting SOFC power density, was lower for YDC/YSZ than YSZ electrolytes. The maxi-
mum power density at 600°C, 210 mW/cm?, is higher than for previously reposted SOFCs.

introduction

Lowering SOFC operating temperatures T, below =~1000°C is of
interest for allowing the use of higher performance, lower cost
materials for the stack and balance-of-plant, reducing stack ther-
mal-insulation requirements, and increasing cell life because of
reduced thermaf degradation and thermal cycling stress.' Recent
advances have led to SOFCs yielding high power densities at T,
down to 700°C."™ Achieving T, values from =450 to 650°C would
be particularly useful for two main reasons. First, low cost ferritic
stainless steels, that retain significant strength in this temperature
range, could be used for stack components, such as interconnects
and gas manifolds. Second, there are indications that direct oxida-
tion of methane without carbon deposition is possible at =650°C,°
eliminating the need for fuel reforming. However, there are signifi-
cant barriers to low-temperature (450 to 650°C) SOFCs: electrolyte
ohmic resistance and electrode overpotentials.

In most medium temperature (700 to 800°C) SOFCs, an ~10um
thick YSZ electrolyte is employed to minimize ohmic loss.'™
However, the YSZ area-specific resistance for a 10 um thickness
becomes appreciable at 600°C, =0.5 2 cm?, and is very large at
500°C, =2 Q cm? While significantly thinner YSZ electrolytes
would allow lower T, the long-term stability and reliability of very
thin electrolytes remains an issue. Thus, oxide materials with high-
er conductivity o should be considered. However, they typically
have some property that precludes their use in SOFCs; doped
BaCeO, appears to exhibit mixed conductivity,® while doped Bi,O,
is reduced by typical fuel gases and Sc-doped ZrO, undergoes a
structural transformation at =~600°C.” A relatively new candidate,
(La,Sr)(Ga,Mg)O (LSGM), appears promising.? Much of the work
on alternate electrolytes has focused on ceria.*'® Representative o
values for Sm, Gd, or Y-doped ceria™ are ~3 times that for YSZ,
such that ohmic losses with ~10 wm thick ceria electrolytes would
extend the range of SOFC operation to well below 600°C. The
electronic conductivity and volume change observed on reduction
of ceria are serious problems, For example, an anode-supported
SOFC with a 5 to 10 pm thick Gd-doped ceria (GDC) electrolyte
provided an OCV value <70% of theoretical, along with a low max-
imum power density of =70 W/cm?, at 600°C.° While the elec-
trolytic domain increases with decreasing T, the electronic con-
ductivity of GDC is negligible only for T, = 450°C." Other dopants,
e.g., Sm " or Gd-Pr double doping,*'* may slightly increase the
electrolytic domain compared to Gd, but not enough for typical
SOFC fuel gases at T, > 450°C. One method for obtaining high
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OCV with ceria electrolytes is to add a YSZ layer to block the elec-
tronic current.'*'s

SOFC overpotentials typically increase rapidly for T, decreased
below 700°C,? limiting power densities. The electrolyte material
chosen should help minimize overpotentials. Oxygen surface
exchange coefficients are higher for ceria than any other elec-
trolyte materials for which data are available, suggesting that it
would provide optimal cathode performance.’® Y-doped ceria
(YDC}) interfacial layers have been shown to decrease anode over-
potentials."”

In this article, we describe resuits on SOFCs with bilayer yttria-
doped ceria {(YDC)/YSZ electrolytes that provide low electrolyte
ohmic loss, decrease overpotentials, and overcome the problems
associated with reduction of ceria. The maximum power density of
210 mW/cm? at 600°C compares favorably with the highest value
that has been reported for a SOFC at this temperature,
~140 mW/cm?.®

Experimental

The cells were deposited on La, gSr, sMnO;-YSZ support/cath-
odes that were prepared using ceramic processes.”
{Y204)0.15(C€0,)05(YDC) and (Y,0,),,{ZrO.)es (YSZ) were reac-
tively sputter deposited at =5 pm/h from Y-Ce and Y-Zr composite
targets, respectively, in Ar-O, mixtures {1 to 1.2 Pa Ar, =0.013 Pa
0,). The substrate temperature was ~400°C, and a negative sub-
strate bias V, was used throughout electrolyte deposition. Previous
studies of YSZ deposition showed that V, = 75 V produced high-
density films.'® However, larger V, values led to delamination of the
electrolyte from the cathode due to compressive film stress. Two
types of electrolytes were prepared. One was an 8 um thick YDC
tayer followed by a 1 um thick YSZ layer {8YDC/1YSZ) deposited
with V, = 75 V. The other was a 4 um thick YDC layer followed by
a 1.5 pm thick YSZ layer (4YDC/1.5YSZ) deposited with V, = 60 V.
V., = 30 to 60 V was used during YDC deposition. Annealing was
carried out at 600°C for 4 h after the YDC layer deposition, and at
750°C for 4 h after the YSZ deposition. The highest temperature
used in this study was 750°C, such that any interdiffusion between
YDC and YSZ, which could lead to reduced ionic conductivity and
electronic conduction,™ was minimized. The anodes consisted of
0.2 pm thick porous YDC layers, deposited first to enhance anode
performance, and 2 um thick porous Ni-YSZ layers."” The cell test
apparatus was similar to that described previously.” Cell tests
were made in air and H,-Ar fuel mixtures that had been passed
through a 20°C water bubbler.



