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Introduction

This report focuses on a mechanism for oxygen transport through mixed-oxide conductors
as used in dense ceramic membrane reactors for the partial oxidation of methane to syngas (CO
and Hp). The in-situ separation of O2 from air by the membrane reactor saves the costly
cryogenic separation step that is required in conventional syngas production.

The mixed oxide of choice is SrCoqg sFeO, which exhibits high oxygen permeability and
has been shown in previous studies to possess high stability in both oxidizing and reducting
conditions (1); in addition, it can be readily formed into reactor configurations such as tubes.

An understanding of the electrical properties and the defect dynamics in this material is
essential and will help us to find the optimal operating conditions for the conversion reactor. In
the meantime, it may also give us some clues for developing better materials.

In this paper, we discuss the conductivities of the SrFeCog 50y system that are dependent
on temperature and partial pressure of oxygen (p0O2). Based on the experimental results, a
defect model is proposed to explain the electrical properties of this system. The oxygen
permeability of StFeCog 50y is estimated by using conductivity data and is compared with that
obtained from methane conversion reaction (1).

This defect model includes normal oxygen sites, interstitial oxygen ions, and vacancies and
electron holes, together with metal ions of variable valence. The concentration of a given
variable-valence ion is determined by the partial pressure of oxygen, pO2. Athigh pO2, higher
valence states exist while at low pQ2, low valence ions dominate.

A mixed-conducting oxide can be considered in which oxygen ions and electrons or
corresponding lattice defects are mobile. When the sample is placed in an oxygen potential
gradient, oxygen ions will move from high pO2 to low pO-. The current density of oxygen ion
produced by oxygen potential gradient is given by (2)
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where i = fi, + RT In(p0O2) is the chemical potential of oxygen, F is Faraday’s constant, G, is
the total conductivity, and transference ton and ¢ , are the ionic and electronic numbers
respectively. The charged particles will move according to the driving force, grad [i(pO:2).

If we integrate over the thickness of the membrane, on both sides of Eq. 1, the current
density of the oxygen ions flowing through the membrane can be calculated. Thus, the oxygen

permeability of the membrane can be obtained by using
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where R is the gas constant, L the membrane thickness, and J, is oxygen permeability, mol
cm2 51 through the membrane. Here, 6, t, ,, and z, are functions of temperature and pO2 in
general.

Experimental
Samples were prepared from SrFeCog 50« powder, which in turn was made from SrCos3,

Co(NO3)y:6H20, and FepO3 in the manner described in Ref. 1. Construction and operation of
the gas-tight electrochemical cell and the experimental assembly for measuring high-temperature
conductivity is described in Ref. 3.

Results and Discussion

Conductivities in Air

By using the conventional four-probe method and the electron-blocking four-probe method,
we were able to measure the total and ionic conductivities in air directly. Because total
conductivity is the sum of electronic conductivity and ionic conductivity, the electronic
conductivity can be calculated by subtracting ionic conductivity from total conductivity. The
conductivities and ionic transference number (i) are plotted in Fig. 1 as a function of
temperature. It was found that the total, electronic, and ionic conductivities all increase with
increased temperature. The ionic transference number is almost independent of temperature. At
800°C, total and ionic conductivities are 17 and 7 S cm™, respectively. Activation energies of
electron holes and oxygen ions are 0.40 and 0.37 eV, respectively, as determined by Arrhenius
type plots. Furthermore, the ionic transference number of StFeCog 50« = 0.4 in the experimental
temperature region (625 to 975°C).
Unlike most of the oxide conductors, the ionic and electronic conductions contribute almost
equally to the electrical properties of this sample. StFeCog 504 is really a mixed conductor in air.
Also unlike other materials, the Sr(Fe,Co)Ox system (3-5), the oxide ion activation energy of
0.37 eV for SrFeCog 504 is much lower. This means that bonding of oxygen ions to the lattice is
much weaker and thus oxygen ions can move more easily in SrFeCog 5s0x than in other systems.




The oxygen diffusion coefficient (8.9 x 10-7 cm2/s at 900°C) results of StFeCog 5Ox, which we
reported earlier, confirms this conclusion (4).

Conductivity as a Function of pO2

Figure 2 shows the pO2 dependence of total, ionic, and electronic conductivities and the
ionic transference number of SrFeCog 504 at 850°C. Based on conductivity behavior, the entire
experimental pO2 range can be divided into five regions. Within each of these regions,
conductivities of SrFeCop 504 behave differently.

The pO:-dependent behaviors of SrFeCop 50« can be understood by introducing the
concept of trivalence-to-divalence transition of Fe ions into the sample. In the SrFeCog 504
sample, we have two variable-valence metal ions, Fe and Co. In the temperature and pO2 range
of our experiment, Co ions are most likely in the divalent state, and Fe ions can have a trivalent-
to-divalent transition when pO:2 is reduced. The Fe3+ to Fe2+ transition in StFeCog 50y under
the reduced oxygen environment can be represented in the notation of Kroger (6):

2Fep, + 0y <> 2Fe, +V," +1/2 0, 3)
or in a simple way as
Fey, +¢ ¢ Fep, 4

where Fep, and Fej, correspond to the trivalent and divalent Fe ions. The electroneutrality
relationship should now be written as

n+2[0|= p+2[Vy']+[Fe;.], &)

where n is the concentration of electrons, O; of oxygen interstitial ions, V5 of oxygen
vacancies, P of electron holes, and Feg, of ions one valence higher than Fey,.

Estimated equilibrium coefficients can be made from Eqgs. 3-5, based on certain
assumptions. This allows us to define boundaries for five regions where thermodynamic stability
occurs for different sets of ions.

Based on our defect model, the trivalence-to-divalence transition should occur near the
boundary of regions II and III. At high pO:, the concentrations of oxide ions (O;) and holes
(Feg, =h") are much higher than those of oxygen vacancies (Vg ) and electrons (€'); the
conductivity behaviors are dominated by O; and h°. In region I, [O;] and p decrease while
[ Vo1 and n increase with decreased pO2. Although the slopes for [O'i'] and p are the same (both
=1/6, the mobility of holes is greater than that of interstitial oxygen ions), so electronic
conductivity changes more rapidly than does ionic conductivity. This is why we see an increase
in the ionic transference number with decreased pQ- in this region.




In region I, the concentrations of h* and € do not change, and the concentrations of O]
and Vg change more rapidly, with slopes of 1/2 and -1/2, respectively. This leads to a more
rapid change in ionic conductivity than in electronic conductivity. Hence, the ionic transference
number decreases with decreased pO: and reaches its minimum at the boundary of regions II
and II1.

In region III, similar to the case in region I, [O;] and p have the same slope, as do [Vl
and n; unlike the case in region I, we have [O'i'] 2 [Vg]and p 2 n here. Again, because the
mobilities of electrons and holes are greater than these of oxygen ions and vacancies, electronic
conductivity (which should equal to the sum of electron and hole conductivities under this
circumstance) decreases more rapidly than does ionic conductivity with decreased pO2. Thus,
we observed an increase in ionic transference number.

In region IV, the so-called mixed-conduction zone, [O;] and [Vg] are independent of
pO2, p decreases while n increases with the decreasing in pO:2, ionic conductivity does not
change while the electronic conductivity first decreases, reaches its minimum, and then
increases. Thus, we observed a maximum in ionic transference number corresponding to the
minimum in electronic conductivity, which accurred at the point where concentrations of
electrons and holes are equal. In region V, [Vg] >> [O;] and n >> p, where the oxygen
vacancies and electrons are the dominant charge carriers. Although the slopes of [ V] and n are
the same because the mobility of electrons is greater than that of oxygen vacancies, electronic
conductivity increases more rapidly than ionic conductivity, and the ionic transference number
decreases with decreased pO:. Finally, the ionic transference number reaches a value of =0.3 at
log(p02)=-16.

The region boundaries of the SrFeCog 50y sample, along with the phase transition
boundaries of cobalt oxide and ferro oxides, are plotted in Fig. 3 as a function of the reciprocal
temperature. We can see that Co,0, = 3Co0+0.50, occurred beyond the I-II boundary,
3Fe,0; — 2Fe;0, +0.50, occurred in region III, and that Fe,O, — 3FeO+ 0.50, occurred
beyond region V. This confirms the assumption we made while building our defect model. The
trivalence-to-divalence transition of Fe ions governed the electrical properties of the
S1FeCog 50x when pO: is reduced.

Oxygen Permeability

The pO:2 dependence of total and ionic conductivities has been measured in our
experiment. Although we do not know the details of the oxygen potential distribution inside the
sample, as long as we know o, and ©,,, as functions of pO2, the thickness of the SrFeCop 504
reactor membrape and the pO2 on each side of the membrane, we can use Eq. 2 to calculate (by
numerical integration) the permeability of oxygen penetrating the reactor membrane.

Calculated oxygen permeabilities as a function of temperature are plotted in Fig. 4, along
with oxygen permeation data obtained from a methane conversion reactor. They agree with each
other within a factor of 2 to 3, and they are two orders higher than the oxygen permeability of

other compositions in the (La,Sr)(Fe,Co)Ox system (7). However, a significant difference in




activation energies exists between calculated and experimental values. This is probably due to
much lower pO: in the experimental reactor conditions (log pO2= -22).

Conclusions

By using a gas-tight electrochemical cell with flowing air as the reference environment, we
were able to produce an oxygen partial pressure ( pO2) as low as 10-16 atm in the cell. Total and
ionic conductivities of StFeCop 50x were measured with the conventional four-probe and
electron-blocking four-probe methods at various pO: levels. At 800°C in air, the total and ionic
conductivities of SrFeCog 50x are 17 and 7 S cm-1, respectively, and the ionic transference
number is 0.4. The activation energy of oxide ions is 0.37 eV in air. The pO2 dependence of the
electrical conductivity behavior of the SrFeCog 5Oy system is quite complex. Conductivities, and
thus ionic transference number, behave differently in five regions when pO: is reduced from that
of ambient air to 10-16 atm. However, with the defect model we proposed, in which the
trivalence-to-divalence transition of Fe ions has been taken into consideration, we can understand
this system quite well. In the high- pO: range, interstitial oxygen ions and holes are the
dominant charge carriers, while in the low- pO2 range, oxygen vacancies and electrons are the
dominant charge carriers.
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Fig. 1. Temperature dependence of conductivi-
ties, corresponding to left y-axis; and ionic
transference number (t;), corresponding to
right y-axis of StFeCog 50y in air.
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Fig. 3. Transition boundaries of
S1FeCog 504, together with phase transi-
tions of cobalt and ferro oxides. '
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Fig. 2. Oxygen partial pressuré depen-
dence of total, ionic, and electronic con-
ductivites, corresponding to left y-axis;
and ionic transference number, corre-
sponding to right axis, at 850°C.
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methane conversion reactor experiment
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