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Preface

Ceramic sensors play an increasingly important role in process control
and automation and in environmental monitoring and protection. This
proceedings volume contains 21 of the 23 papers presented at the Symposium
on Ceramic Sensors III, held during the 190th Meeting of The Electro-
chemical Society in San Antonio, Texas, October 6-11, 1996. The papers
cover various aspects of ceramic sensors based on physical, optical, and
electrochemical principles. Materials used for sensors include insulators,
semiconductors, ionic conductors, mixed ionic-electronic conductors, and
zeolites in the form of particles, thin films, membranes, coatings, and junc-
tions. Some of the papers focus on synthesis and processing of sensor
materials, others on design, fabrication, and evaluation of sensing devices,
and still others on exploration, characterization, and modeling of transport
properties, catalytic activities, electrode kinetics, and stability of materials
suitable for sensor applications. In particular, recent developments in sensors
for ammonia (NH3), carbon monoxide (CO), carbondioxide (CO3), nitrogen
oxides (NOy), humidity (H2O), hydrogen (Hp), hydrocarbons, and human
activities are discussed.
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MIEC SOLID OXIDE MEMBRANES WITH POROUS ELECTRODES

B. Abeles
Department of Chemistry, University of Houston,
Houston, TX 77204-5641

ABSTRACT

Numerical solution of the nonlinear diffusion-reaction equations for MIEC
membrane with charge carrier density that varies only weakly with gas pressure show that
the enhancement in oxygen flux, due to porous electrodes, is essentially independent of the
magnitude of the pressure gradient. Enhancements in oxygen flux of two orders in
magnitude are theoretically achievable with large surface area electrodes.

INTRODUCTION

Electrocatalytic fuel cells and membranes consist in general of a porous cathode
and anode separated by a dense layer, as illustrated in Fig.1. The purpose of the porous
layers is to increase the surface area for exchange of oxygen to enhance the oxygen flux,
while the dense layer blocks the passage of oxygen molecules. In the case of a fuel cell this
dense layer is an ionic conductor allowing the passage of ions but blocking that of
electrons, while in the case of a membrane the dense layer is a mixed ionic electronic
conductor (MIEC) which allows the passage of electrons as well as ions.

In this paper we focus on solid oxide MIEC membranes, however the results can
be readily extended to fuel cells. In the application of membranes as chemical reactors or
for separation of gases, we are interested in the upper limit of oxygen flux that can be
achieved for a given pressure drop across the membrane. The oxygen flux in the dense
membrane can be increased by reducing the thickness of the membrane until it is less than
L4 where L is the ratio of the ambipolar ion-electron hole pair diffusion coefficient to the

surface chemical reaction rate coefficient (1,2). The length scale Lq determines the

transition from bulk diffusion limited to surface chemical reaction rate limited transport in
the dense membrane. Any further increase in the ion current can be achieved only by
coating the dense layer with porous layers so as to increase the effective area for chemical
reaction. In the following we discuss how the enhancement in the oxygen flux depends on
the length scales given by Lg, the thickness of the dense layer £, the thickness of the

porous layers L and the width of the chemical reaction zones Lp at the dense-porous layer

interfaces,
MODEL

The chemical reaction at the gas-solid interfaces is given by

%oz <02-+2h 1]
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The diffusion of oxygen molecules in the pores and of oxygen ion-electron hole pairs in the
porous solid are described by the molecular current Ig and ion current Ii (3-5):

¢ gPg Wy
I =-— —= 2]
£ 4 RT dx
8
1-¢¢;D, 4,
I. =_JJ_a_E 3]
t T RT dx
s
Mg = RTIn(p/ pg) (4]
Da =Dioe/(oe+ai) [5]

where g and 1 are the chemical potentials of the gas molecules and of the oxygen ion-
electron hole pairs, Dg and Dj are the diffusion coefficients of the gas in the pores and of
the oxygen ions in the solid, Dy is the ambipolar diffusion coefficient of the oxygen ion-
electron hole pairs, Ge and oj are the electronic and ionic conductivities, cg and cj are the

concentrations of the gas molecules in the pores and of the ions in the solid, ¢ is the
porosity and g the tortuosity of the pores, Ts the tortuosity of the solid, p is the gas
pressure and the subscript 0 indicates quantities at 1 atm. pressure. Equation (3) applies in
the dense layer with Ts=1 and ¢=0. In general the transport coefficients can assume
different values in each one of the three layers.

The chemical reaction at the pore wall-gas interfaces in the porous layer on the high
pressure side of the membrane results in an a decrease inIgand a corresponding increase
in Tj with increasing x, while in the porous layer on the low pressure side of the membrane
Ig increases and Ij decreases with x. This is quantitatively described by the equations:

dl 1

£ s, (61
dx 2

dl.

—L s, (71
dx

where S is the pore surface area per unit volume and i is the surface exchange current.

We next need to specify the dependence of i on the drop in chemical potential
across the gas-solid interface. Lee et al (6) showed that the pressure dependence of the

oxygen permeation flux J02( in thin dense SrCo(.8Fe(.203-d membranes in the surface
exchange limited regime (£ <<Lq) follows a square root behavior given by:

Electrochemical Society Proceedings Volume 96-27 2



T2 = (ko 1 9G[py g =Py 1 Pg) (8]

where p1 and p2 are the oxygen pressures on the high and low pressure sides of the
membrane. The square root behavior is consistent with a surface exchange current given

by:
i= cikiO[exp(,ug / 2RT)—exp(u / RT)] 91

where kj is the surface exchange coefficient at 1 atm pressure and Mg and p are evaluated
at the interface.

The solution to Eqs.(2)-(7) must fit the boundary conditions:

1-¢ ¢;D, 4 1 <
-—¢#—”=1(1-¢)z’ at x=F—(L+¢) [10]
T, RT dx 2
1
g =My at x=—;(L+Z) [11]
1
Mg =Hgp atx=;(L+£’) [12]
1 :tl' +1,
@ 2¢z at ¥ [13]
<iDg
Iy =27, =———2[u(t/2)-p(-£/2)] -0/2<x<£/2 [14]
RT¢
1. 1
Jos =Ig i;qbz at x =¢;(L+£’) [15]

Equation (10) equates the ion current to the chemical reaction current at the outer porous
layer-gas interfaces, Egs.(11) and (12) fix the gas pressures at the outer porous layer-gas
interfaces and Eq.(13) expresses the condition that the dense layer at the center of the
membrane blocks the molecular gas flow. Equation (14) relates the total oxygen flux Jop
passing through the membrane to the ion current I; diffusing through the dense layer.
Equation (15) relates Joz to I at the outer MIEC-gas interface and x=o is taken at the
center of the dense layer.

The flux enhancement 7 is defined by:
N1y, 1y, [16]

where J 02(s ) is the oxygen flux in the absence of the porous layers given by(6):
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where J (5) s the oxygen flux in the absence of the porous layers given by(6):

02
Lgo i \P1/Po —2102(s) / cikio
I

\“72 /po +2102(3‘) /Cikio

and Ldo=Da/kj0. Note that in the limit £ —>0 Eq.(17) reduces to Eq.(8)

2]02(5) /Cikio =

(17

In the limit of small pressure drop across the membrane, i.e.l(pg/2 -p/RT<<1,
Eq.(9) reduces to the small pressure gradient limit (2-5), i = cik;(u g /2-u),where

ki =+/p/ pokig, Ly = 1[170 / pLgg and .the linearized diffusion-reaction equation can

now be solved analytically. For the case where the pressure drop across the porous layers
is negligible compared to the pressure drop across the dense layer, the oxygen flux
enhancement for an asymmetric membrane with a finite dense layer thickness can be
expressed by a simple analytical expression (5):

-1——{@[ 1 + ! 1+ ! } 1+ : ) [18]
11(5)_ 2 (k,-cin(O))l (k,-C,-TI(O))z 2L, 2Ld

where the subscripts 1 and 2 indicate the two porous layers, the coefficients without
numerical subscript refer to the dense layer and 1(0) is the enhancement of the symmetric
membrane with £=0 (3):

L.(1—¢)S aexp(L/L,)—1
noy = 4= P19, [19]
Tg aexp(L/Lp)+1

- -9, [%1=6)
a=(+ = )/ (1 T (20]

and Lp is the width of the chemically active zones at the dense layer-porous layer

interfaces:
L, =Ly(1-9)/ TS [21]

DISCUSSION AND RESULTS

We model the porous layers by a cubic array of consolidated spherical grains of
radius r, with unit cell of length 2(r-8). The ratio &/r characterizes the degree of
consolidation of the grains. Assuming 8/r=0.1, which corresponds to a well consolidated
grain structure, the simple cubic model yields $=2.2(1-0)/r, 1-0=0.69, 5 =1.16 and 1g=2

Electrochemical Society Proceedings Volume 96-27 4



(3). We use the relation Dg = 1vthA, where vth is the thermal velocity of the molecules, A

is the molecular mean free path in the pores determined from A~ 1=\~ 1 + kp‘l, Ath is

the thermal mean free path of the molecules and Ap is an average pore size. We take Ap to
be the diameter of a sphere whose volume is equal to that of the pore space in the unit cell
of the cubic array. For the case of 8/r=0.1 it follows (3) that Xp=1.5r. At 800 °C we have

vth=8.1x10%cm/sec, cg =7.3x1018p/po cm-3 and Ath=0.24po/p pm.

Equations(2)-(16) were solved numerically (4) by the shooting method. We
neglected in Eq.(3) the dependence of cj and D3 on chemical potential. This assumption is
justified in MIEC materials such as SrCo(.8Fe(.203-§ (7). We used representative

values (2) for the transport parameters of MIEC materials at 800C: Kjg =5x10-5 cm/sec,
Da=5x10"7cm?2/sec and cj =0.083 mol/ cm3.

Figure 2 shows the dependence of Jo2 and 1(£) on outlet pressure p2 with
pi1=latm amd L=4m}.. for a symmetric membrane with £=0 and for a surface area

S=106cm=1(4). After first rising rapidly with increasing pressure gradient, JO2 reaches

saturation at the low values of p2. The scaling behavior of Joawith Jo2(5) is demonstrated
by the fact that 1} is essentially constant over the whole range of p2 and is close to the
value of the enhancement in the small pressure gradient limit, shown by the open circle.
We expect this scaling behavior to hold as well for membranes with other functional
dependencies of the surface exchange current then that given by Eq.(9) as long as the
charge carrier concentration does not vary too rapidly with pressure.

As is demonstrated in Fig.2 the enhancement in the low pressure gradient limit
approximates well the enhancement for the case of large pressure gradient and thus is
useful as a guide for designing membranes. Figure 3 shows the enhancement 1(0)
calculated from Eq.(19). for a symmetric membrane for different values of the surface area
S with Lg=0.01cm. The enhancement rises linearly with L/Lp and then saturates for

L>3Lp. As L is further increased the pressure drop on the low pressure electrode becomes

significant resulting in a decrease in 1(0) (3). Figure 4 shows the dependence of n(£)/M(0)
on the thickness of the dense layer £ calculated from Eq.(18). To achieve full
enhancement requires £ << L; / 11 Values for the different length scales calculated from

Eqs.(19) and (21) are displayed in Table I. Enhancements of two orders of magnitude in
the oxygen flux are predicted for membrane with porous electrodes having surface area of

106cm-1 (~20 mZ/gm) a typical value for a highly dispersed catalyst.

Table I: Length scales and enhancement for MIEC membrane with Ld=0.01cm, L=eo, /=0
r (pm) S (cm-1) Lp (um) Ld/m (um) (£

0.015 106 0.77 13 77
1.5 104 7.7 13 7.7

Electrochemical Society Proceedings Volume 96-27 5
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IMPROVEMENT ON Sr- AND Mg- DOPED LaGaO,
- PEROVSKITE SOLID ELECTROLYTE

Keqin Huang, Man Feng and John B. Goodenough
Center for Materials Science and Engineering ETC 9.102
University of Texas at Austin, Austin, TX78712

A second phase, LaSrGaO,, has been identified in the doped LaGaO,
materials. The elimination of this second phase, which enhances the electrical
conductivity, has been achieved by nonstoichiometric doping. Conductivity
measurements vs atmosphere and time indicate that this material is a pure
oxide-ion conductor with excellent stability. Preliminary single fuel-cell tests
gave a high open-circuit voltage and maximum power-density output at 800
°C. These results indicate that doped LaGaO, is a potential electrolyte material
for use in thick-film solid oxide fuel cells.

INTRODUCTION

The perovskite LaGaO, doped with Sr and Mg has recently been shown to be a
superior oxide-ion conductor at intermediate temperatures (1-4). It has a transport number t,
= 0,/0 = 1 with an oxide-ion conductivity 6, > 0.1 S/cm at 800 °C over a broad range of
atmosphere from pure oxygen to moistened hydrogen ( H,+3% H,0). These propertics make
it a strong candidate to replace the commercially available yttria-doped zirconia in solid
oxide fuel cells (SOFCs).

Although this doped perovskite system shows promise, discrepancies in published
data result from incomplete characterization of the materials studied. For example, Ishihara
(1) showed a Sr solubility limit for La, ,Sr,Ga, , Mg 0,3, 8=0.5(x+y), of x = 0.1 and a Mg
solubility limit of y = 0.2 in the cation stoichiometric perovskites whereas Huang and Petric
(4) have presented a broader single-phase region with an orthorhombic structure for the
Ishihara composition. Unfortunately no x-ray diffraction (XRD) patterns were given by
Huang and Petric to support their assertions, and small peaks contributed from a second
phase could have been incorrectly interpreted.

In this paper we report the existence of a second phase, identified as LaSrGaO,, in the
nominally cation-stoichiometric phase La,oSr,,Ga,sMg,,0,45 Which we refer to hereinafter as
LSGM. We also present the enhanced oxide-ion conductivity o, of a cation-
nonstoichiometric phase that has been characterized by scanning electron microscopy (SEM)
as well as XRD and impedance spectroscopy.

EXPERIMENTAL PROCEDURE

Preparation of Electrolytes

The new composition LSGM-B was made by solid-state reaction, the same as
LagSro,GagsMgo2024s (LSGM) described in ref.[2). Required amounts of La,0, (99.99%),
SrCO; (99.9%), Ga,0, (99.99%) and MgO (99.99%) were mixed with the aid of acetone for
one hour and fired at 1250 °C overnight. After regrinding and pelletizing, the pellitized
mixture was finally sintered at 1470 °C for 36 hrs. All materials were examined by powder x-
ray diffraction (Philips PW 1729) after their final calcinations.

SEM Observation
¢ microstructure of well-sintered and polished LSGM and LSGM-B were observed

under a SEM (JEOL, JSM 35C). An appropriate thermal etching was used to reveal the grain
boundaries and any second phase in the LSGM and LSGM-B samples.

Electrochemical Society Proceedings Volume 96-27 7



Impedance Spectroscopy Measurement .
Pt coatings obtained by pyrolysis were used as the electrodes in our two-probe ac-

impedance spectroscopy measurements. Pt paste (from Heraeus) was applied to both ends of
the LSGM or LSGM-B pellets, which were then baked at 900 °C for a half-hour. All
conductivity measurcments were made on cooling from 800 °C down to 320 °C. The
impedance spectra of LSGM and LSGM-B cells were measured with a HP 4192A LF
impedance analyzer in a range of frequency from 5 Hz to 13 MHz with an ac amplitude of
40 mV. In order to determine the chemical stability of the LSGM samples, atmospheres of
pure oxygen, air, argon, argon + 2% H,, argon + 10% H, and H, + 3% H,0 were used in this
measurement. The bulk and overall conductivitics of LSGM were extracted from the
intersections with the real axis of related bulk and grain-boundary semicircles in the
impedance spectra.

Single Fuel Cell Tests
A round pellet of LSGM-B sample two inches in diameter after final sintering at

1470 °C was used as an clectrolyte, Lag (Sr0,C00,, (LSCo) was used as a cathode, and
Ce0,+NiO or LSGM+NiO was used as an anode. The 500 um thickness of the electrolyte
membrane was obtained by grinding the sintered LSGM-B pellets on a diamond wheel.

In order to monitor the overpotentials on both the cathode and the anode reference,
electrodes were constructed with the same matcrials as those corresponding to the working
electrodes. The electrodes were fabricated on both surfaces of the thick-membrane electrolyte
by screen-printing a slurry of an intimate mixture of clectrode powder and organic binder
(from Heraeus). After baking at 1125 °C for 2 hrs, Pt meshes with Pt leads were fixed on the
top of each clectrode to act as current collectors; corresponding clectrode paste was added to
achieve good electrical contacts. The effective electrode area of each cell to be tested in this
study was 2.5 cm’, and the thickness of the LSGM-B clectrolytes was about 500 pm. These
cells were finally glass-sealed onto ZrO, tubes at 1100 °C for 30 minutes because ZrO, has a
similar thermal expansion coefficient to that of LSGM-based materials. The glass sealant used
in this study was developed by Ceramatec, Inc.

The testing cells were placed into the hot zone of a vertical furnace. Air was supplied
directly to the cathode surface. Water-moistened (at ~ 30 °C) hydrogen was flowing to the
anode surface at a rate of 100 ml/min. All the tests and the heating/cooling of the furnace
were controlled by a computer and performed from 600 to 800 °C. Tests were conducted
potentiostatically from open-circuit voltage (OCV) to 0.4 V and back to OCV in steps of 20
mV and holding 10 seconds at each point.

RESULTS AND DISCUSSION

X-Ray Diffraction

Fig. 1(a) shows an x-ray diffraction pattern of the LSGM sample. A second phase can
be detected in the pattern; it is identified as LaSrGaO, (JCPDS 24-1208). The pattern of the
improved sample LSGM-B is shown in Fig. 1 (b). Only a trace of the LaSrGaO, pcaks was
found.

SEM Observation
The microstructure under SEM of the polishcd LSGM after thermal etching at 1300

°C for 1 hr is shown in Fig. 2(a). The sccond phase, LaSrGaO,, that was identified by XRD
appears along the grain boundaries and within the grains. In contrast, the SEM microstructure
of LSGM-B, Fig. 2(b), presents clear grain boundarics and grains. These observations agree
well with the results of x-ray diffraction.

Impedance Spectrosco: )
Fig. gia) shows li:IC impedance spectrum of LSGM at 396 °C measured in air with Pt

electrodes. It can be resolved into a grain scmicircle, a grain-boundary depressed semicircle,

Electrochemical Society Proceedings Volume 96-27 8



which is attributed to the second-phase LaSrGaO,, and an electrode process arc. The grain-
boundary effect involves a Constant Phase Element (CPE), and the depressed factor o = 0.05
indicates that the second phase, LaSrGaOQ,, is insulating to oxide-ion conduction (5).

The impedance spectrum of LSGM-B shown in Fig. 3(b) was measured under the
same conditions as the LSGM sample; it can only be resolved into a grain semicircle and an
electrode-process arc. The grain-boundary semicircle disappears with the absence of the
second phase, LaSrGaO,, as observed by XRD and SEM.

The overall oxide-ion conductivity at 800 °C, obtained from the intersection of the
grain-boundary semicircle (or grain semicircle if no grain boundary exists) with the real axis,
was raised from 0.094 S/cm for LSGM to 0.129 S/cm for LSGM-B. The reason for this
conductivity enhancement is the elimination of the second phase and an increase of the
oxygen vacancy concentration.

The dependence of overall conductivity 6, on the oxygen partial pressures Po, at
different temperatures is displayed in Fig. 4. The near independence of o, on Po, indicates a
pure oxide-ion conduction and high chemical stability.

The long-term stability of the conductivity for sample LSGM is shown in Fig. 5. No
degradation of conductivity at 600 °C was observed during one-week of measurement,
indicating no oxygen vacancy ordering occurred.

Fig. 6 compares LSGM-based materials with other well-known oxide-ion conductors.
It is apparent that doped LaGaO, is the best oxide-ion conductor having no reduction
problem on exposure to the fuel reductant. Our new results present a 6, = 0.15 S/cm at 800
°C and 0.07 S/cm at 700 °C, which is almost one order of magnitude higher than that of ZrO,
at the same temperatures. Some conductivity data obtained in our lab were listed in Table I.

Table I. Typical conductivity data of some doped LaGaO, obtained in our lab

T,°C
oltotal) 800 702 595
Samples
LSGM 0.094 0.044 0.017
LSGM-A 0.105 0.053 0.018
LSGM-B 0.129 0.059 0.017
LSGM-C 0.150 0.068 0.021
LSGM-D 0.151 0.071 0.021
LSGM-E 0.146 0.074 0.025

Single Fuel Cell Tests
Based on the above results, LSGM-based materials are very strong candidates for the
replacement of ZrO, in a SOFC. Fig. 7 presents the result of a single fuel cell test. With

La,,Sr,,C00;.; (LSCo) as the air electrode, LSGM-B as the electrolyte and CeO,+NiO as the
hydrogen electrode (H,+3%H,0), the usual open-circuit vollage of the cell is about 1.08 V
and the maximum power density at 800 °C reaches 270 mW/cm? for a 500 pm thickness of
the electrolyte. This result indicates an excellent performance of the fuel cells. Moreover we
found a high overpotential existing at the anode side, e. g. 500 mV at 700 mA/cm? current
density, indicating that the anode has not yet becn optimized. The trials with LSGM+NiO as
anode give an even higher power-density output, but these anodes degraded with time
quickly. Improved electrodes promise to give excellent performance for a thick-membrane
SOFC operating in the range of 700 to 800 °C.

CONCLUSIONS
A second phase, LaSrGaO,, has been found in the previously identified superior
oxide-ion conductor La,,Sro,Ga,sMg,,0,ss (LSGM); this phase is not an oxide-ion

conductor and contributes to the grain boundary resistance. Nonstoichiometric doping of this
material is found to eliminate the second phase and enhance the conductivity. Conductivity
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measurements in different atmospheres (Po, = 1 - 10? atm) indicate a near independence on
oxygen partial pressure and a high chemical stability. The conductivity was also stable over a
long-term measurement at 600 °C. A single fuel cell test displayed a promising result. At 800
°C, the open-circuit voltage was about 1.08 V, close to the theoretical value, and the maximum
power density was 270 mW/cm? for a 500-pm thick electrolyte with LSCo as cathode and
CeO,+NiO anode exhibiting high anode overpotential of 500 mV at 700 mA/cm®. An
LSGM+NiO anode yielded an even higher maximum power density, 320 mW/cm?, under the
same conditions, but it degraded rapidly with time.
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