CoNF-961202 - .33
ANL/ET/CP--90385

Defect Structure of the Mixed-Conducting Sr-Fe-Co-O System*

B. Ma, U. Balachandran, C.-C. Chao, and J.-H. Park
Energy Technology Division, Argonne National Laboratory

Argonne, Illinois 60439 - ECE' V E D
JAN 16 1997
November 1996 OST |

"The submitted manuscript has been created by the
University of Chicago as Operator of Argonne
National Laboratory (“Argonne”) under Contract
No. W-31-109-ENG-38 with the U.S. Department
of Energy. The U.S. Government retains for itself,
and others acting on its behalf, a paid-up,
nonexclusive, irrevocable worldwide license in
said article to reproduce, prepare derivative works,
distribute copies to the public, and perform
publicly and display publicly, by or on behalf of
the Government.

PR e T8 BAMAET 1§ TNEATED

Paper to be submitted to the Materials Research Society Fall Meeting,
Boston, MA, December 2-6, 1996.

*Work at Argonne is supported by U.S. Department of Energy, Pittsburgh
Energy Technology Center, under Contract W-31-109-Eng-38.




DISCLAIMER

Portions of this document may be illegible
in electronic image products. Images are
produced from the best available original

document.




DEFECT STRUCTURE OF THE MIXED-CONDUCTING Sr-Fe-Co-O SYSTEM

B. MA, U. BALACHANDRAN, C.-C. CHAO, and J.-H. PARK
Energy Technology Division, Argonne National Laboratory, Argonne, Illinois 60439

ABSTRACT

Electrical conductivity of the mixed-conducting Sr-Fe-Co-O system was investigated at
elevated temperatures and various oxygen partial pressures (pO7). The system exhibits not only
high combined electrical and oxygen ionic conductivities but also structural stability in both
oxidizing and reducing environments. The conductivity of StFeCog 50y increases with i increasing
temperature and increasing pOy, within our experimental pO; range (1 2 pO2 > 10-18 atm). p-type
conduction behavior was observed. The activation energy of which increases with decreasing pO;.
A model of the defect chemistry in the Sr-Fe-Co-O system is proposed. The pO;-dependent
conducting behavior can be understood by considering the trivalent-to-divalent transition of the
transition metal ions in the system.

INTRODUCTION

Mixed-conducting ceramic oxides have potential uses in solid-oxide fuel cells, batteries,
sensors, oxygen-permeable membranes and other electrochemical devices. The Sr-Fe-Co-O system
exhibits not only high combined electrical and oxygen ionic conductivities but it is also structurally
stable [1,2] in both oxidizing and reducing environments. Dense ceramic membranes made of this
material can be used to separate oxygen from air without the need for external electrical circuitry.
The oxygen permeation flux rate through dense membranes made of this material can be considered
commercially feasible. and use of this material would greatly improve the economics of fuel
production [3-8].

When used as a ceramic membrane in gas separation, StFeCop 50y is exposed to large
oxygen chemical potential gradients. Oxygen transport from high to low oxygen partial pressure
(pO») in the gas separation reactor will occur if the oxygen partial pressure difference, ApO,, can
develop substantial oxygen flux. Therefore, an understanding of the oxygen permeation process,
which is closely related to the electrical transport properties, is important to the search for better
oxygen-permeable membrane materials.

In this paper, we discuss the temperature- and pO;-dependent conductivity of
SrFeCoq 504. Activation energy, E,, is obtained by fitting the conductivity data to the equation
o - T = Aexp(-E, / kT). A defect chemistry model of this system is proposed and examined with
the conductivity data.

EXPERIMENTAL

SrFeCogp 50 powder was made by the solid-state reaction method. Appropriate amounts of
SrCO3, Co(NO3),-6H,0, and Fe»O3 were mixed and then ground in isopropanol with zirconia
medum for 15 h. After drying, the mixture was calcined in air at 850°C for 16 h, with intermittent
grinding. After the final calcination, the powder was ground with an agate mortar and pestle to an
average particle size of =7 um. The resulting powder was pressed with a 1.2 GPa load into pellets
21.5 mm in diameter and =5 mm thick. The pellets were covered by powder of the same
composition to eliminate contamination and then sintered at =1200°C for 5 h. Subsequently, the
pellets were cut into thin bars with a diamond saw for conductivity measurement.




X-ray powder diffraction results obtained for the SrFeCog 50x show that the sintered
sample contained a single phase [9]. The theoretical density of SrFeCop 50x was measured on the
powder with an AccuPyc 1330 pycnometer and confirmed by X-ray powder diffraction results.
Bulk density of the sample used in our experiments was =95% of theoretical value.

Conductivity of the specimen was measured by the DC four-probe method. Four platinum
wires, of 0.2 mm in diameter, were wound around the specimen to serve as current and voltage
leads. A Keithley 263 current source was used to supply the current, and the voltage was measured
with a Keithley 196 system digital multimeter. Conductivity of the specimen was calculated by
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where 1 is the applied current (in A), V is the voltage across the two voltage leads (in V), dyy and S
are the separation of the voltage probes (in cm) and the cross-sectional area of the specimen (in
cm?), respectively. Activation energy was calculated by fitting the temperature-dependent
conductivity data to the equation

A (E,
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where A is a constant, E, is the activation energy, k is the Boltzmann constant, and T is the
absolute temperature. To measure the conductivity in various pO2 environments, premixed gas
cylinders were used.
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Fig. 1. Log(T-0) of SrFeCog 5Oy as a function of reciprocal temperature for various pO; levels.




RESULTS AND DISCUSSION

The conductivity of SrtFeCog 50x increases with increasing temperature and pO;. Figure 1,
a plot of log(T-c) as a function of reciprocal temperature in various oxygen environments, shows
that log(T-0) has good linear dependence on reciprocal temperature. According to Eq. 2, the
activation energy of SrFeCog,50x can be calculated from the slopes of log(T-6) vs. 10000/T
- curves. The activation energy of StFeCog 50y thus obtained is plotted in Fig. 2 as a function of
pO2. The activation energy increases with decreasing pO; in the low-pO; range (< 10-3 atm),
whereas in the high-pQO; range (> 10-3 atm) activation energy is independent of pO; and has lower
value (=0.35 eV) compare to those of other Sr(Fe,Co)Ox systems [10,11].
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Fig. 2. Activation energy of SrFeCog 50x as a function of pOy.

The plot of log(c) vs. log(pO2) of StFeCop 50x at 950°C is shown in Fig. 3. This result is
consistent with that we obtained earlier with a gas-tight electro-chemical cell [12]. In the
intermediate-pO- range (1012 < pO; < 10-3 atm), the slope of log(G) vs. log(pO2) is =1/6. This
can be explained with the defect chemistry model described below. The interaction between
transition metal ions and oxygen in the surrounding atmosphere can be represented as

2Fe, Jr%o2 & 2Fel, +07 (3)

The electroneutrality equation for the intermediate range can be written as

2[0]=p @
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Fig. 3. Conductivity of SrFeCog 504 as a function of pO; at 950°C.

where p = [Fe;e] is the concentration of holes. Thus, the mass-balance relationship of the
transition metal ion is

[Fer. |+ [Fer]=1 &)

Here, we use Fe to represent both Fe and Co transition metal ions. Equation 3 leads to the mass
reaction relationship

[Fer.] -[07]

K= 6
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where K is the temperature-dependent reaction constant. If we let x = [Fe;e], and use Eqgs. 4 and
5, we obtain

[07]= ™

o | >

and

[Fer]=1-x - ®




Substituting Eqs. 7 and 8 into Eq. 6, we obtain

x3

K=
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Under the condition x << 1, i.e., the concentration of trivalent transition metal ions is much lower
than the concentratijon of divalent transition metal ions, Eq. 9 gives us

p=x<(p0,)" (10)
and

[0f]=3 =(p0.)" an
Because the conductivity is proportional to the concentrations of charge carriers, it leads to

o =< (p0,)"* (12)

The 1/6 dependence of the slope in Fig. 3 indicates that the trivalent-to-divalent transition of the
transition metal ions plays an important role in the interaction between the SrFeCog 50x sample and
oxygen in the surrounding atmosphere.

CONCLUSIONS

StFeCog 50y exhibits not only high electronic and oxygen ionic conductivities but it is also
structurally stable in both oxidizing and reducing atmospheres. It is a technologically important
material for use in high-temperature electrochemical applications and holds particular promise as a
dense ceramic membrane for separation of oxygen from air. The conductivity of SrFeCoq 50«
increases with increasing temperature and pO». It is a p-type conductor and its log(T-s) vs. 1/T
curve exhibits good linear dependence. The activation energy of StFeCog 50y, which decreases
with increasing pOy, is =0.35 €V in air. The pOz-dependent conductivity behavior can be
understood by considering the divalent-to-trivalent transition of the transition metal ions in the
sample.

ACKNOWLEDGMENTS

Work at Argonne National Laboratory is supported by U.S. Department of Energy,
Pittsburgh Energy Technology Center, under Contract W-31-109-Eng-38.

REFERENCES

1. U. Balachandran, J. T. Dusek, S. M. Sweeney, R. B. Poeppel, R. L. Mieville, P. S. Maiya,
M. S. Kleefisch, S. Pei, T. P. Kobylinski, C. A. Udovich, and A. C. Bose, Am. Ceram. Soc.
Bull., 74, 71 (1995).

2. B. Ma, J.-H. Park, C. U. Segre, and U. Balachandran, Mater. Res. Soc. Symp. Proc., 393,
49 (1995).

3. Y. Teraoka, H. M. Zhang, S. Furukawa, and N. Yamozoe, Chem. Lett., 1985, 1743.

5




4. Y. Teraoka, T. Nobunaga, and N. Yamazoe, Chem. Lett., 1988, 503.

5. U. Balachandran, S. L. Morissette, J. J. Picciolo, J. T. Dusek, R. B. Poeppel, S. Pei, M. S.
Kleefisch, R. L. Mieville, T. P. Kobylinski, and C. A. Udovich, Proc. Int. Gas Research Conf.,
edited by H. A. Thompson, (Government Institutes, Inc., Rockville, MD, 1992), p. 565-573.

6. T. J. Mazanec, T. L. Cable, and J. G. Frye, Jr., Solid State Ionics, 111, 53 (1992).

7. A. C. Bose, J. G. Stigel, and R. D. Srivastava, “Gas to Liquids Research Program of the U.S.
Department of Energy: Programmatic Overview,” paper presented at the Symp. on Alternative
Routes for the Production of Fuels, Am Chem. Soc. National Meeting, Washington, DC, Aug.
21-26, 1994.

8. U. Balachandran, S. L. Morissette, J. T. Dusek, R. L. Mieville, R. B. Poeppel, M. S.
Kleefisch, S. Pei, T. P. Kobylinski, and C. A. Udovich, Proc. Coal Liquefaction and Gas
Conversion Contractors Review Conf., edited by S. Rogers et al., (U.S. Dept. of Energy,
Pittsburgh Energy Technology Center, Pittsburgh, PA, 1993), Vol. 1, pp. 138-160.

9. B. Ma, U. Balachandran, J.-H. Park, and C. U. Segre, Solid State Ionics, 83, 65 (1996).

10. T. Ishigaki, S. Yamauchi, K. Kishio, J. Mizusaki, and K. Fueki, J. Solid State Chem., 73,
179 (1988).

11. K. Nisancioglu and T. M. Giir, Solid State Ionics, 72, 199 (1994).

12. B. Ma, U. Balachandran, J.-H. Park, and C. U. Segre, J. Electrochem. Soc., 143, 1736
(1996).




