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Differential resistance analysis (DRA) is used for determination of authentic bulk conductivity of yttrium-
doped barium cerate proton conductors (BCY) using electrochemical impedance spectroscopy (EIS), by
eliminating all electrode and fixture resistance as well as interfacial or surface phenomena. Bulk con-
ductivity determined using DRA in the range 500-800°C was higher by a factor of 1.5-3 than values
obtained for conductivity of the same electrolyte using EIS alone. Application of DRA with EIS provides
geometrically independent conductivity values.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction
1.1. Apparent conductivity

The power density attainable in a solid oxide fuel cell (SOFC) is a
function of several factors, of which a key element is the conductiv-
ity of the ion conducting membrane. Several developments in SOFC
design include minimization of the thickness of the membrane,
thereby minimizing its resistance and so maximizing the current
density and power density. The conductivity of the electrolyte typ-
ically initially may be determined using membranes thicker than
those used in optimized SOFC architectures. Often it is assumed that
the material is homogeneous in both structure and electrochemi-
cal performance throughout the entire mass of the membrane, and
so the determined value for the conductivity is used to calculate
predicted fuel cell performance. Then, when fuel cell performance
does not match that predicted from measured conductivity data,
the discrepancy may be attributed speculatively to artifacts such
as interface phenomena or inconsistencies between methods of
preparation, etc.

We will show now that the apparent bulk conductivity of at least
one family of ionic electrolytes varies as a function of the overall
thickness of the membrane, and that the effect is attributable to dif-
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ferences between the characteristics of the interior and surfaces of
the membrane itself. The phenomenon has implications for design
of SOFC.

1.2. Proton conducting perovskites as electrolytes

High temperature ionic conducting ceramic electrolytes based
on doped strontium, barium, cerium and zirconium oxides of per-
ovskite structure with predominantly proton conduction have been
extensively studied since proton conductivity in SrCeO3 and related
perovskites at elevated temperatures in humid atmosphere was
found by Iwahara et al. [1]. There are many publications concerning
electrochemical properties of these solid oxide ionic semiconduc-
tors and particularly electrical conduction and proton conductivity.
The intense interest in these compounds is largely driven by the
variety of promising potential utility of such materials as proton
conducting membranes in chemical and power industries, includ-
ing: SOFC for electric power generation, hydrogen gas separation,
hydrogenation/dehydrogenation of hydrocarbons, etc.

Unfortunately, until now there has been little attempt to achieve
either conformity or reconciliation between the electrochemical
measurements, and this is particularly so in determinations of con-
ductivity of the above perovskites. For example, conductivity values
for the most studied barium cerate perovskites varied by more
than a factor of two, as exemplified by values for BaCepgY(105_s
at 600 °C in humidified hydrogen atmosphere: 0.007-0.018 Scm™!
[2-7]. Among the most significant reasons given for causing this
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inconsistency, thus having impact on conductivity measurements,
are: (i) measurement methods (two- or four-point measurements
by direct or alternating current techniques); (ii) methods and con-
ditions of preparation of electrolyte membranes; (iii) condition of
the membrane’s surface and applied electrodes; and (iv) the qual-
ity of contact between the membrane and electrodes. While each
of these concerns is valid, but can be addressed, the factors in the
third and fourth of these sets are difficult to control.

The majority of research efforts concentrated on use of the
above-mentioned techniques to improve fuel cells’ design and
enhance efficiency of their electric performance; fewer publi-
cations addressed the problems of enhancement of quality and
uniformity of conductivity measurements [8-11]. Nevertheless,
uniformity and reliability of conductivity values obtained are
necessary, both for characterization of electrolytes and for devel-
opment of materials for commercial applications. Of particular
importance are conductivity determinations of thinly layered mate-
rials.

While performing several different conductivity evaluations of
proton conducting perovskite ceramics with different thickness
(including thin films), we were faced with difficulties in com-
paring our results with the literature data. We found that there
were inconsistencies not only between different sets of literature
data and between our data and literature data, but also among
the conductivity values we determined. Others have encountered
and addressed similar problems [4,11]. One study [11] is dedi-
cated entirely to a systematical investigation of correlation between
two conductivity measurement techniques using BCY as the elec-
trolyte: standard electrochemical impedance spectroscopy (EIS)
and DRA based on resistances determined as the slopes in the
ohmic region of current-voltage characteristics for specimens with
different thickness.

We recognized that the inconsistencies between the determined
values were a function of the thickness of membranes, and so
undertook the present study.

The aim of the present work is to explain why electrolyte resis-
tance derived from EIS does not scale directly with electrolyte
thickness. Herein we describe determination of reliable values
for conductivity of yttrium-doped barium cerate electrolyte (BCY)
by use of DRA approach to the EIS measurements (DRA-EIS) in
symmetrical cells, and we will show that the electrochemical char-
acteristics of the surface differ significantly from those in the
interior of bulk electrolyte.

2. Experimental
2.1. Membranes

To assess the capability of the DRA-EIS method in a man-
ner that enables comparison with prior studies, we chose the
most commonly used method for solid state ceramic synthesis of
BaCeg g5Y0.1503_5 (BCY) electrolyte that involved a straightforward
sequence of steps: mixing precursors, calcination, specimen shap-
ing, and sintering. Nano-powders of cerium and yttrium oxides
(99.97% and 99.95% from Inframat Advanced Materials), and barium
carbonate (99.98% from Aldrich) were used as precursor materials.
The raw mixture of compounds prepared in designed proportion
was ball-milled using zirconia balls and mill in isopropanol for 24 h,
dried and calcined at 1200°C for 10h, reground by ball-milling,
pressed at 160 MPa without any binder into disk samples 20 mm
in diameter, and finally sintered at 1600°C for 12h in air. Both
sides of each sintered disk were polished on SiC abrasive grinding
paper (600 grit) to remove surface layers of any loose material or
phases structurally dissimilar to inner homogeneous material that

Fig. 1. SEM images of sintered BCY samples (cross-section view of fractured disks
near the surface, shown on the right): (a and b) before polishing, (c) after polishing.

may have formed close to the surface through thermal decompo-
sition or phase segregation. Then the thickness of the disk samples
was reduced by polishing (SiC, 1200 grit) to three different values:
0.1149, 0.0716 and 0.0373 cm. The membranes were of consistent
thickness within £0.0002 cm as measured using SEM. Finally, the
disks were ultrasonically cleaned in alcohol. The polished samples
were screen printed with Pt paste (CL11-5100, Heraeus) on both
sides with an active area of 0.3 cm?, and heated at 950°C for 1 h in
air to provide strong bonding and good electrical contact, and to
stabilize the morphology of Pt electrodes.

2.2. Cells

Symmetrical cells were assembled in two points configuration
with four leads using gold meshes and wires. All measurements
were conducted over the temperature range 500-800°C in an
atmosphere of hydrogen humidified by bubbling gas through
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Fig. 2. EDX (above) and XRD patterns (below) of a sintered BCY sample.

water at room temperature (ca. 3% humidity). EIS measurements
were performed at open circuit voltage (OCV) with 10 mV applied
amplitude over the frequency range of 100kHz to 0.1 Hz within
+0.0001 2 using a Solartron 1255B frequency response analyzer
and Solartron electrochemical interface system SI 1287. Electri-
cal resistance of current collectors and other electric contacts and
fixtures was preliminarily measured with short-circuited current
collectors at appropriate temperatures in the same atmosphere.
The values for the membrane then were obtained by subtracting
these values for the resistance of all external conductors from the
experimental values.

2.3. Analyses of materials

Microstructure and elemental composition of sintered BCY sam-
ples were determined using scanning electron microscopy (SEM)
with X-ray energy dispersive analysis (EDX) using a Hitachi scan-
ning electron microscope equipped with a PGT IMIX digital imaging
system and a PGT PRISM IG detector for EDX. Phase composition of
synthesized BCY was analyzed using X-ray diffraction (XRD) in Cu
Ko radiation with a Rigaku Rotaflex X-ray diffractometer.

3. Results and discussion
3.1. Phase composition and microstructure characterization

Mechanically strong and dense (more than 97% of theoretical
density calculated using weight and volume) BCY disk samples
were prepared at relatively high sintering temperature (1600 °C)
from nano-powders of starting materials. SEM images (Fig. 1) show
views of materials at and near to the surface of fractured samples

before (a and b) and after (c) polishing. The views show that the
preparative conditions facilitated obtaining dense homogeneous
microstructure, and the EDX pattern (Fig. 2) shows clearly the
BCY elemental composition. The illustrated microstructures of sin-
tered bulk materials are characteristic of full-fired ceramics without
any noticeable concentration of single crystals which usually are
present in BCY ceramics sintered at lower temperatures. This effect
is attributed to the strong intimate contacts between crystal grains
which cause primary breaking across crystals but not along the
grain boundaries on the fractured sample’s surface (Fig. 1b). The
bulk material of the sintered ceramics appeared to comprise mainly
BCY perovskite phase (XRD analysis; Fig. 2), containing traces of
Y-doped ceria (ref. codes: 01-081-1386 and 01-083-0326, respec-
tively). In contrast, in the regions located close to the sample
surfaces (i.e. up to about 0.025 mm depth) there were well-formed
crystal grains with sharply defined boundaries (Fig. 1aand b). More-
over, the surface exposed to ambient sintering atmosphere had
obvious features of crystal degeneration caused by phase trans-
formations and thermal decomposition. Therefore, it was crucial
to reliable and reproducible performance of conductivity tests to
first remove the surface layers by polishing, and this was done to
prepare samples with various thicknesses. Fig. 1c shows the homo-
geneity of a sample in a fractured cross-section view of a polished
sample with the surface layers removed.

3.2. Differential resistance analysis

Differential resistance analysis (DRA) is based on a mathemati-
cal method for mapping out a certain functional constant from the
linear relationship between values of two variables. In the present
case, the variables are the cell resistance (R, €2) and thickness (d, cm)
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Table 1
Area-specific resistances (€2 cm?) of BCY depending on thickness and temperature

Temperature (°C) Thickness (cm)

0? 0.0373 0.0716 0.1149 e
500 2.01 4.07 6.10 8.45 58.31
600 1.57 2.75 3.97 5.30 34.26
700 1.45 2.26 3.02 3.95 23.24
800 1.10 1.60 2.03 2.63 14.30

2 Derived by extrapolation of EIS data.
b Calculated using DRA.

of the BCY electrolyte. Any electrode, fixture and other originally
unknown resistances can be considered as a functional constant
characterizing an integral resistance independent on electrolyte
geometry (thickness in this case) and can be excluded from total cell
resistance, thus giving reliable calculated values for the electrolyte
resistance (Re) when the electrolyte has a thickness d°=1cm (Eq.
(1); the subscripts 1 and 2 denote values for samples of electrolyte
having different thicknesses):
Ri—-Ry

From these data, reliable values for the electrolyte conductivity

(0e) then can be calculated using Eq. (2):

dO

% = AR

(2)
where d° =1 cm; As is the surface area (cm?2) of an electrolyte under
measurement; the product AsRe is the area-specific resistance ASR
(2 cm?).

Coors and Zhong [11] applied the DRA approach to the cur-
rent - voltage measurements in the hydrogen - air SOFC with BCY
electrolyte to determine values for the bulk conductivity of the elec-
trolyte. In the present study, to reduce uncontrollable uncertainties
commonly encountered when using complex operating SOFC set-
ups, we chose a simple symmetrical cell arrangement allowing
direct conductivity measurements in different atmospheres using
many available electrochemical measurement techniques. Herein
we describe use of electrochemical impedance spectroscopy (EIS)
as an accurate and highly informative method. All our tests were
carried out with maximum possible care under equivalent experi-
mental conditions. Impedance measurements were recorded after
the temperature and impedance were stable, and the electrical
resistance of current collectors, outer electric contacts and other
fixtures were then subtracted from the overall experimental values.

In Table 1 we present area-specific resistances (ASRg) calcu-
lated from values of first (high frequency) intercepts of impedance
curves with the real impedance axis obtained from our EIS mea-
surements for various thicknesses (d) at different temperatures
that usually characterize the bulk resistance of solid electrolytes at
elevated temperatures [12]. Linear extrapolation provided values
corresponding to vanishingly small thicknesses of the membrane
(d=0cm). Values calculated using DRA for a thickness of 1 cm also
are presented in the table.

Plots of the experimental values for ASRq are linear within bet-
ter than 0.998 mean square deviation for “resistance-thickness”
relationships at different temperatures (Fig. 3). Extrapolated val-
ues for 0 cm thickness are also plotted. Since a non-trivial residue
value for resistance at “zero” thickness does not make sense for
bulk electrolyte characterization, these values can be attributed
to electrolyte surface phenomena as well as electrode interfa-
cial phenomena [7,13,14]. In an alternative approach, by treating
the electrolyte body as a sandwich of homogeneous bulk elec-
trolyte between two thin surface layers that are different from bulk
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Fig. 3. Area-specific resistance of BCY samples as a function of thickness at different
temperatures.

material, we can evaluate resistance (Fig. 3) and hence estimate
conductivity (Fig. 4) of each of those layers no matter how thin they
are. For example, if the surface layers extend to a depth of about
5 wm (the best up-to-date achievement in BCY thin film prepara-
tion [7]) the conductivity of those layers will be of the order of
10~4Scm~! at 500-800 °C temperature range. However, if the sur-
face layers are, for example, 0.5 wm, then the enhanced resistance
extends over a smaller distance, and so the conductivity will be an
order of magnitude lower. Consequently, as there will always be the
more resistive surface layers present, they will have an increasingly
strong effect on the total internal resistance as the overall thickness
of the membrane is reduced.

3.3. Electrochemical impedance measurements and electrolyte
conductivity

EIS spectra for membranes of three different thicknesses
obtained in our tests of BCY electrolyte in the symmetrical cell con-
figuration in 500-800°C temperature range are shown in Fig. 5.
Every spectrum has two well-defined predominant arcs for all
thicknesses and temperatures. At the highest temperature (800 °C)
the arcs strongly overlap each other. The characteristic frequen-
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Fig. 4. Relationship between apparent conductivity and thickness of BCY mem-
branes as a function of temperature.
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Fig. 5. Original impedance spectra of BCY electrolyte at different temperatures and
thickness (I: 0.0373 cm; I1: 0.0716 cm; III: 0.1149 cm).

cies for second (low-frequency) arcs are independent of thickness
at constant temperature while those for first (high-frequency)
arcs shift slightly to lower values with increasing thickness. Resis-
tance of high-frequency arcs (R;) changes a little with thickness
while resistance of low-frequency arcs decreases significantly
with decrease of thickness at constant temperature (Fig. 5). On
the other hand, increase in temperature leads to decrease in
resistances associated with both arcs. The total spectra show
those features typically reported in prior impedance studies on
BCY [4,8,9,12,15].

According to generally accepted approach to the impedance
response of solid state electrochemical cells with polycrystalline
solid ionic conductors, the low-frequency arc can be attributed
to transport processes in the electrode and the electrolyte while
the higher-frequency arc can imply one or both of grain boundary
resistance and some medium-frequency surface kinetic processes
(adsorption and dissociation) [7,12]. Resistance Ry in the point of
first intercept corresponds to the bulk resistance, as there are no
other significant bulk arcs at high temperatures.

In Fig. 6 are presented Arrhenius plots for bulk conductivities
calculated from our EIS experimental data and DRA, and these are
each linear within better than 0.985 mean square deviation. Theo-
retically, conductivity does not depend on thickness, but in fact we
obtained significant differences: apparent values for the conduc-
tivity increased by between 1.5 and 1.9 times (at 500 and 800°C,
respectively) when the thickness was increased by a factor of three.
The apparent variability of conductivity with thickness is consistent
with existence of surface characteristics and phenomena discrete
from those present in the bulk material, evinced as a non-trivial
value for resistance as determined from extrapolation to zero thick-
ness.
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Fig. 6. Arrhenius plots for bulk conductivity of BCY membranes of various thick-
nesses obtained by EIS measurement, extrapolation (5 wm) and DRA calculation.

Thus, by isolating values obtained from use of different methods,
consistent values can be determined for the bulk conductivity of the
electrolyte, characteristic of the bulk properties of the electrolyte
and independent of thickness. As described above, conductivity
calculated by DRA was higher by 1.5-3 times (0.02-0.08Scm™!)
when compared to overall experimental values. The DRA conduc-
tivity values were dependent only on temperature, whereas the EIS
conductivity values depended on both temperature and electrolyte
thickness. Thus the former, higher values are the more reliable val-
ues.

The activation energy calculated for DRA conductivity was about
0.34eV, a value significantly lower than that reported for BCY pro-
ton conductors (about 0.5 eV) [7]. The discrepancy can be attributed
to the mixed character of conduction mechanism [9] as well as the
effect of very low surface activation energy. The apparent activa-
tion energy calculated for a membrane with “zero” thickness was
much lower (about 0.13 eV). While the nature of such low activation
energy cannot be unequivocally attributed at this time, it appears to
be associated with some surface processes [14] rather than charge
transfer processes inion-conductive solid electrolytes. The SEM and
XRD data do not show conclusively the physical presence of layers
having different structure to that of the bulk electrolyte. However,
this may be because they are very thin and indistinguishable using
these techniques. Regardless of the nature of such a layer, and its
cause, it is clear that this “zero layer” behaves differently from the
bulk electrolyte, and that it limits conduction no matter how thin
the BCY electrolyte may be prepared.

3.4. Nature of the surface resistance

There may be several contributing factors causing higher resis-
tance at the surface of the perovskite electrolyte. The present data
do not allow unequivocal allocation of cause to the effect. Never-
theless, supposing successful elimination of electrode and fixture
resistances, the present data and knowledge of the structures of
perovskites indicate possible causes. Here we will consider two fac-
tors: the nature of the crystal surface and the interfacial phenomena
between electrolyte and electrode.

The structure of an ideal perovskite ABOs is cubic, space group
Pm3m-0y, in which the larger A%+ cation is 12-fold coordinated by
02~ ions and the smaller B*" cation is sixfold coordinated [16]. The
02~ ions are centered along edges of the cubic structure, placed
symmetrically between two B4* cations. Substitution for B4* cations
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by other cations having a lower charge creates 02~ deficiencies.
In such cases the 02~ anions are no longer exactly symmetrically
situated between the different cations along an edge. These effects
induce distortions of the ideal perovskite structure (orthorhombic
distortion in BCY) and consequently change the physical properties,
including ionic conductivity [16].

Several methods have been employed to prepare perovskites
having highly ordered surface structures, including epitaxial thin
film growth [e.g. 17-19]. Typically, well-ordered surfaces have
terraces and steps with heights corresponding to a single cubic per-
ovskite cell dimension (ca. 0.4nm). In each case, the B4* cations of
the structures appeared to be well ordered. However, it will readily
be recognized that the surface ions no longer have their full coordi-
nation number according to the structure in the bulk. Thus there is
a difference in both the immediate cell at the surface and, by trans-
mission of the electrochemical imbalance so created, those cells
closely adjacent the surface.

On the other hand, an intrinsic potential barrier to migration
of charge carriers between electrode and electrolyte can make a
significant contribution to the surface ohmic losses observed. This
limiting factor, affecting all systems, is exacerbated when the sur-
face layer of one phase has reduced capacity for conduction.

In either case, the residual surface resistance, either from
uncompensated surface crystal structure of the electrolyte or from
the potential barrier between the electrolyte and the electrode
material, will result in change in conductivity of the surface layer.

The determinations made herein and by others show that the
conductivities of surface layers and bulk electrolytes can differ con-
siderably. In this case the surface had lower conductivity than the
bulk. It can reasonable be expected that in other cases the sur-
face may be more conductive than bulk electrolyte. Consequently,
we advocate that all investigations including determinations of
ionic conductivity be performed on a minimum of two samples
of different thickness. When the intercept of the plot of apparent
conductivity versus thickness does not intercept the axis close to
the origin it will indicate that the surface and bulk differ in conduc-
tivity. An intercept above the origin will imply that the surface has
low conductivity, and so the material should be carefully reconsid-
ered before use in thin membranes. In contrast, an intercept below
the origin will indicate that the surface has higher conductivity
than the bulk, and so that electrolyte may be a good candidate for
preparation of very thin membranes.

4. Conclusions

Comparison and correlation of data obtained using differential
resistance analysis and electrochemical impedance spectroscopy
showed that the former can be employed to distinguish between
the authentic, geometrically independent conductivity of the
majority internal bulk of a solid ionic electrolyte and the apparent

values from determination of the resistance of the overall struc-
ture, and so obtain bulk conductivity characteristics independent
of membrane thickness.

Values for conductivity of barium cerate based proton
conductors calculated using differential resistance analysis of elec-
trochemical impedance spectroscopy data differ from those derived
from EIS only. The EIS conductivity increased by a factor of 1.5-2
when the thickness increased threefold, in apparent contradiction
to authentic electrolyte conductivity being thickness-independent.
The differences in values are attributable to the certain residual
resistance that limits the overall conduction of electrolyte mem-
branes and films no matter how thin they are.

Values for conductivity of the internal bulk of the electrolyte
calculated using differential resistance analysis are between 1.5
and 3 times higher than apparent values obtained for the whole
membrane over the range 500-800°C.

Conductivity determinations must be performed on at least two
membranes having different thickness to show whether or not the
conductivities of the surface and bulk differ.
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