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ABSTRACT 

Oxygen permeation experiments were performed on dense mixed-conducting ceramic-metal composite membranes 
(thickness 0.2 to 2 mm) Bil,5Ero50,-Ag with 10.0, 27.8, and 40.0 volume percent (v/o) silver, respectively, in the tempera- 
ture range 873 to 993 K and oxygen partial pressure range to 1 bar 0,. The oxygen fluxes increased with increasing 
silver content. In the cerinets with a nonpercolative silver phase (10.0 and 27.8 v/o), the increased oxygen flux relative to 
that of pure Bi,,ErO50, was attributed to faster kinetics of surface oxygen exchange in the presence of silver. Percolativity 
of the silver phase in the 40 v/o Ag composition enhances the ambipolar diffusion of oxygen ions and electrons. High oxy- 
gen fluxes (-0.25 mmol m-2 s-' at 873 K) were observed with the latter composition, which were shown to be fully limit- 
ed by the surface exchange kinetics. The activation energy for oxygen permeation in the temperature range 848 to 1003 
K is about 85 to 95 kJ/mol for the compositions without percolativity of silver and 115 kJ/mol for the composite with 40 
V/O Ag, which reflects a change of the rate-limiting step upon passing the percolation threshold. Results from both per- 
meation and isotopic exchange measurements on the composition with Ag percolativity indicated the kinetic order of the 
surface process in oxygen to be 1/4, indicating a process fundamentally different from that on pure Bi,,Er,,O,. 

Introduction 
The high-temperature face-centered cubic (fcc) &phase 

of the defect fluorite-type Bi,O, is the best oxygen ion con- 
ductor known. Its anomalously high ionic conductivity is 
related to the cubic crystal structure, the nature of the bis- 
muth ion, and the intrinsically large concentration of 
vacant sites in the oxygen sublattice, which equals 25% of 
the total number of crystallographic sites available. The 
temperature range in which the &phase is stable is rather 
narrow (1002 to 1097 K), and the transition from the 6- 
phase to the low-temperature a-phase is accompanied by 
a conductivity decrease of two to three orders of magni- 
tude. The more conductive cubic phase can be stabilized 
down to room temperature by partial doping with rare 
earth elements or yttria,'., although the conductivity 
decreases with increasing dopant concentration. The max- 
imum conductivity below the transition temperature of 6- 
Bi,O, is therefore obtained at the minimum doping level 
necessary to stabilize the fcc phase.' Doping with erbia or 
yttria has shown the best preservation of ionic conductiv- 
ity.2 The conductivity of compositions Biz-,(Y,Er),O, have 
been investigated exten~ively.'-~ In the Biz-$r,O, system, 
the maximum conductivity is reached at 20 to 25 mole per- 
cent (m/o) Er (x = 0.4 to 0.5).4 The ionic conductivity of 
Bil.5Ero.,0, (denoted as BE25) has an activation energy of 
72 2 4 kJ/mol above 873 K and reaches an absolute value 
of 25 R-' m-' a t  973 K. The ionic conductivities of several 
compositions Biz-,Y,O, have been shown5~Vo be indepen- 
dent of oxygen pressure. 

The partial electronic conductivity of Bil.,,Y,,,,O, at ele- 
vated temperatures has been investigated by Takahashi 
et a1.I The electronic conductivity, a,, is predominantly 
p-type a t  high oxygen pressures and has an activation 
energy, E,,,, of 106 kJ/mol. In Kroger-Vink notation,' the 
oxygen incorporation reaction under these conditions can 
be written as 

Since the concentrations of oxygen anions 0: and oxygen 
vacancies Vz are virtually constant, it follows that 

At low oxygen partial pressures @,, < to bar), 
n-type conductivity with a -1/4 dependence on oxygen 
pressure is predominant (E,,, = 213 kJ/mol). The literature 
on Bi,O,-based electrolytes has been reviewed re~en t ly .~  

The surface exchange kinetics of BE25 has been investi- 
gated by Boukamp et ~ l . ~ ~ , ' '  by means of 180/'% isotopic 
exchange. The following n~echanism was proposed for the 
dissociative adsorption of oxygen in order to account for 
the pg: dependence of the exchange rate experimentally 
observed 

The second step in this scheme is thought to be rate 
determining. 

The mutual occurrence of ionic and electronic conduc- 
tivity makes it possible to use these materials as oxygen 
separation membranes in oxygen pressure gradients. The 
oxygen semipermeability of 0.2 to 2.85 mm thick dense 
BE25 membranes has been studied by Bouwmeester et al." 
who found that permeability in the temperature range 883 
to 1083 K in air/He gradients is determined partly by bulk 
diffusion of electron holes and partly by the oxygen ex- 
change process at the gas/solid interfaces. In modeling the 
data, a 5/8 power dependence of the oxygen exchange rate 
on oxygen partial pressure was assumed. Experimentally 
observed fluxes were in the range to 0.1 mmol rn-, s-'. 

Enhancement of both the electronic conductivity and 
the surface exchange of oxygen are therefore required to 
make application of Biz-,(Y,Er),O,-based membranes pos- 
sible. The electronic conductivity can be increased to some 
extent by partial substitution of bismuth by terbium.13 An 
alternative approach is to disperse a percolative second 
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phase with high electrical conductivity, e.g., Au or Ag, be-
yond a critical volume fraction (percolation threshold) in
the oxide matrix. 4

Preliminary measurements on both 40 v/o gold and 40 v/o
silver-doped Bi,O,-based cermets by Chen et al.5 indicated
much higher fluxes through the latter. Shen et al." found
that 33 v/o silver needs to be introduced in Bi1 ,Y,,O, in
order to obtain percolative networks of both phases. In
membrane applications, a particular advantage of the use
of silver as the electronically conducting phase is its high
activity in the dissociation of molecular oxygen 0, -
20d,.7 Ag is also known to be permeable to oxygen," but
the magnitude is negligible in comparison with that of
Bi,2_(Y,Er),O,. Oxygen fluxes up to 8 mmol m 2 s at
1023 K were reported through dense membranes of
(BiY,,O,),365,o(Ag),,v/o 0.2 to 2 mm thick. Although the flux-
es tended to increase with decreasing thickness, the
authors showed from the thickness dependence of the per-
meation flux that a partial rate control was exerted by the
surface exchange process for the thinnest specimens used
in their study.

The present study investigates the oxygen permeation
characteristics of Bi,,Er,,O,-Ag cermet membranes with
different silver contents. The attention is mainly focused
on the composition with 40.0 v/o, in which the silver phase
is percolative.

Modeling of Oxygen Permeation
Bulk diffusion.-Consider a cermet membrane with per-

colative ionic and electronic conducting phases. If both
interfaces are in equilibrium with the imposed ambients
(i.e., the surface exchange kinetics are rapid) having oxy-
gen partial pressures Pox and Pred, respectively, then the
magnitude of the driving force for permeation is the nega-
tive of the Nernst potential E.

To maintain overall charge neutrality, the ionic flux
through the oxide phase is counterbalanced by that of
electrons through the electronically conducting phase in
the opposite direction. The ambipolar conductivity Uamb is
the effective conductivity originating from this charge-
coupled diffusion of ions and electrons and is defined by

1 _ + T [6]

C
T

amb Viai Ve(e

in which a, and ae are the ionic and electronic conductivi-
ty of the oxide and metal phase, respectively. vi and v, are
the volume fractions of the ionic and electronically con-
ducting phases in the composite, and i and Te are dimen-
sionless factors to include the effect of geometry on the
partial conductivities. Note that this equation is valid only
when both phases are percolative. As can be seen from Eq.
6, the value of the ambipolar conductivity is determined
by the phase with the smallest effective conductivity. For
a percolative metal/ceramic composite, the ionic conduc-
tivity of the oxide phase is generally much smaller than
the electronic conductivity of the metal phase, in which
case a,,,b Vi(i/Ti .

Under the assumption that the ionic and electronic con-
ductivity are independent of oxygen partial pressure, the
net flux of 02 through the membrane bulk at steady state
can be calculated with"

j= EambE (bRT PIn POx [7
L 4 FL 4F4F red 

where L is the membrane thickness, F is Faraday's con-
stant, and T is temperature.

Surface exchange.-In the absence of an oxygen chemi-
cal potential difference, the surface exchange of oxygen
will be in a dynamic equilibrium. The net rate of reaction
at each interface is zero. The exchange flux je° generally
found under these conditions can be expressed by the
empirical relationship

x x Pot, [8]

where n is the apparent kinetic order of the surface reac-
tion and j*x is the oxygen exchange rate at 1 bar O,. Both
parameters can be obtained from "80/60 isotopic exchange
experiments.

Under nonequilibrium steady-state conditions, there will
be an oxygen chemical potential difference between the gas
phase and the surface layer. The resulting net transport of
oxygen through an interface can be approximated by jo =
j*xAp,, yielding for the feed-side interface of the membrane

[9]a.n, = j - x - Fox m)

and for the permeate-side permeate-side interface of the membrane

=o0 =ex (Pred PO2J [10]

In these equations PD, and p;', are the oxygen partial pres-
sures in the ambients at the membrane feed and permeate
side, respectively, and Po, and Pred are virtual oxygen pres-
sures in the surface layers at feed and permeate side, cor-
responding to certain local oxygen chemical potentials.

If diffusion is sufficiently fast in the steady state, then
the oxygen flux is determined only by the exchange pro-
cess. Thus Pox =pred It then follows from combination of
Eq. 9 and 10 that

jo, = 1/2 j*, (p" - p'l') [11]

To calculate the overall flux through a membrane in
which partial rate limitations are exerted by diffusion and
exchange, the set of equations 7, 9, and 10 has to be solved
simultaneously.

Experimental
Membrane preparation.-BisEr,,0, powders were pre-

pared by both the conventional ceramic route and the
coprecipitation technique reported by Kruidhof et al."2

The Bi,0,/Er,0, mixtures were calcined at 1010 K for 8 h,
yielding phase-pure BE25. Calcined BE25 and Ag20 were
mixed and milled in the appropriate ratio in acetone in a
planetary mill for several hours to obtain a physical mix-
ture with a median agglomerate size smaller than 5 ILm.
Compositions containing 10.0, 27.8 and 40.0 v/o Ag were
prepared, referred to as BE25Ag10, BE25Ag278, and
Be25Ag40, respectively. The powders were pressed uniax-
ially into pellets having 25 mm diam followed by isostatic
pressing at 4000 bar. The pellets were sintered at 1113 to
1123 K for 14 to 16 h (heating/cooling rate 0.5 K/min) and
cut into membranes of 14.83 mm diam and thicknesses
varying between 0.2 and 2.0 mm. The membranes were
polished on both sides with 1000 MESH SiC.

Permeation experiments.-The experimental setup and
methods for the oxygen permeation experiments have
been described in detail elsewhere.2 The membranes were
sealed into the reactor using low-melting glass rings (AR
glass) 1 mm thick. The reactor was heated at 3 K/min to
980 to 1000 K, at which temperature it was kept for 1 h to
let the glass ring seal the membrane. No reaction was
observed between the glass and the membranes. The reac-
tor was then cooled to its lowest operating temperature at
1 K/min. Air or an O,/N, mixture with oxygen partial
pressures of 10-2 to 1 bar was supplied to the feed side of
the membrane. Helium was supplied to the permeate side.
The concentrations of 0, and N, were measured by a
Varian 3300 GC containing a molecular sieve 13X. The
oxygen flux was calculated from

1 Fco,

G A,,
[12]

F is the flow rate at the outlet of the reactor [m3 s' stan-
dard temperature, pressure (STP)], c,, is the oxygen con-
centration in the effluent stream (mol m 3), and AHe is the
geometric surface area at the helium side of the membrane
(1.13 cm2). The dimensionless factor G corrects for the
effect of nonradial diffusion, since the applied method of
sealing results in different membrane surface areas at
opposite sides of the membrane." In the case of surface-
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controlled permeation, G is equal to 1 when the limitation
occurs at the permeate side, whereas G = Aa,r/AH. (4 air is
the geometric surface area at the 02/N2 side of the mem-
brane, 1.77 cm2) upon limitation at the feed side. Details of
the calculation of G in case of a diffusion-controlled flux
can be found elsewhere.23 In this study, the value of G is
taken to be unity.

Isotopic exchange analysis—The experimental setup for
the 180/150 isotopic exchange experiments is described in
detail elsewhere.24 Measurements were performed at 873 K
at several oxygen pressures in the range 0.15 to 0.88 bar.
The samples with geometric surface areas A = 1.36 to
1.60 cm2 (mass 327 to 358 mg) were made from 13.7 to
14.0 mm diam disks that were cut in half. After mechani-
cal polishing to submicron size and ultrasonic cleaning,
the samples were placed in a quartz tube with a volume of
54.9 cm' and heated to 973 K, where the samples were pre-
annealed for 1 h in dry natural oxygen at a pressure of
0.2 bar. The quartz tube was then quenched to room tem-
perature and evacuated. After repeated flushing with AR
and evacuating the chamber, an amount of natural oxygen
necessary to establish the desired pressure at 873 K was
introduced into the tube. The tube was heated quickly to
873 K, at which temperature it was kept for 1 h. Again the
tube was rapidly cooled to room temperature and flushed
with argon and evacuated several times. Precisely the
same amount of gas as in the previous equilibration step,
but now from a reservoir with 97.5% '80-enriched gas, was
entered into the tube. The tube was heated quickly to
873 K. The exchange was monitored by measuring the
mass 32 (1(102), 34 ("o'o) and 36 (1802) quadrupole signals.
The atomic fraction of 'O in the gas phase at time t was
calculated from

P,81 (t) + PlB)lG (t)
x,5(t) =

p,81(t) + p,6(t) +

with p,0' and p,8,,, being the oxygen pressures of
the resp6ctive isotopic fractions.

Phase analysis and microstructure.—.X-ray diffraction
(XRD) spectra were taken on a Philips PW171O with
Ni-filtered Cu K0 radiation. The bulk mass concentrations
of bismuth and erbium were determined by x-ray fluores-
cence spectroscopy (XRF) using a Philips PW 1480/10
x-ray spectrometer. The silver content was determined by
atomic adsorption spectroscopy (AAS) using a Varian Spec-
trAA-10. The membrane surface morphology was examined
by high-resolution scanning electron microscopy (HR-SEM)
using a Hitachi 5-800 field emission microscopy operating
at 15 kV, which was coupled to a Kevex Delta Range EDX
(energy dispersive x-ray analysis) system for surface ele-
ment analysis.

Results and Discussion
Phase analysis and mnicrostructure.—The densities of

the membranes were in the range 96 to 98% of theoretical.
XRD spectra of all investigated compositions indicated
the presence of two separate phases identified as
Bi, 5Er0503 and Ag. No other diffraction peaks were
observed. The experimental mass fractions of bismuth and
erbium in both freshly prepared and used BE25Ag4O
membranes varied between 39.3 to 39.6% and 10.5 to
10.6%, respectively, close to the theoretical values of 39.5
and 10.5%, respectively. The silver fractions as found by
AAS were 43.9 and 44.2 mass%, in agreement with the
theoretical value of 43.9 mass%.

An SEM picture of the surface structure of a polished
BE25Ag4O membrane before use is shown in Fig. 1. EDX
analysis indicated the dark parts to be the silver phase and
the white areas to be the oxide phase. Figure 2 shows the
surface of a membrane exposed to a temperature of 993 K
for 2 h. Severe agglomeration of silver on the membrane
surface can be observed clearly. When the maximum tem-
perature was kept below 973 K, a much smaller degree of

agglomeration was found. The agglomeration is probably
due to the nonwetting character of silver and its large dif-
fusivity at these temperatures and may be suppressed by
using PdAg alloys instead of pure Ag. The use of these
alloys in cermet membranes has already been demonstrat-
ed by Shen et al.'6

Variation of silver content on flux—The existence of a
percolative silver network was checked for by measuring
the dc electrical resistance at room temperature. BE25Ag4O
was found to have a resistance of about 0.5 to 3 0, while
the resistances of the other compositions were in the range
0.1 to 1 MO. An electronic short circuit was therefore con-
cluded to exist only in BE25Ag4O, which is expected based
on the results of Shen et al.'6

Arrhenius curves of 0.7 to 0.8 mm thick membranes are
given in Fig. 3. All measurements were performed in fixed
oxygen partial pressure gradients. The Arrhenius curve
obtained by Bouwmeester et al.'2 on a 0.7 mm thick BE25
membrane in a 0.15 bar 0,/He gradient is shown for com-
parison. In comparison with phase-pure BE25, the substi-
tution of 10.0 v/o of ceramic by silver increases the per-
meation rate by more than half an order of magnitude.
Although silver increases the effective electronic conduc-
tivity of the bulk, its beneficial effect can only be small
because the silver phase is nonpercolative, thus being able
to enhance the electronic conductivity only on a micro-
scopic scale. The ambipolar diffusion process will there-
fore still be limited by the electronic conductivity. For this
reason it may be assumed that the major contribution of
the substituted silver is its activity in the surface exchange
of oxygen. Further addition of silver to a total of 27.8 v/o
has a relatively small effect. The rate-determining steps

Fig. 1. SEM picture of a freshly polished BE25Ag4O membrane
surface.

[13]

Fig. 2. SEM picture of BE25Ag4O membrane surface after ther-
mal treatment at 993 K.
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Fig. 3. Arrhenius curves of 0.7 to 0.8 mm membranes of varying
silver content in air/He fixed partial pressure differences. Details in
Table I.

are probably the same as in BE25Ag10, so that the increase
of the permeation rate compared to that of the latter com-
position can be attributed mainly to the increased silver
concentration at the surface.

Upon increasing the silver content from 27.8 to 40.0 v/o
the permeation rate increases by almost an order of mag-
nitude. This can be understood by considering that the sil-
ver phase becomes continuous upon passing the percolation
threshold at 33 to 35 v/o Ag,16 thus creating a continuous
path for transport of electronic species parallel to that in
the BE25 phase but with a much large conductivity. Under
these conditions, it can safely be assumed that amb =

viri/Ti, i.e., the rate-determining effect due to a limited
electron hole conduction in the oxide phase is eliminated.

Calculated activation energies and experimental condi-
tion are listed in Table I. Based on these results, a distinc-
tion can be made between phase-pure BE25, the nonper-
colative Ag-doped compositions, and percolative BE25Ag40.
Doping with small amounts of silver (below the percola-
tion threshold) causes a fundamentally different exchange
mechanism that on pure BE25, which is reflected in a de-
crease of the apparent activation energy. Upon passing the
percolation threshold, the ambipolar diffusion process be-
comes enhanced considerably as an electronic short circuit
now exists in the bulk. The ambipolar diffusion process
changes from being governed by the electronic conductivity
to being governed by the ionic conductivity, which is reflect-
ed in an increase of the activation energy to 116 kJ/mol.

It follows from Eq. 7 that for a diffusion-controlled flux
the activation energy of jo, is the same as that of the
ambipolar conductivity, i.e., the ionic conductivity in the
case of BE25Ag40. Verkerk et al.4 reported an activation
energy of 72 kJ/mol for the ionic conductivity of BE25. As
the value derived from oxygen permeation measurements
through BE25Ag40 is much higher, this implies the in-
volvement of a process other than diffusion to control
(partially) the flux.

Influence of thickness on flux.-Oxygen fluxes through
BE25Ag40 membranes at 873 K are shown vs. the re-
ciprocal thickness in Fig. 4. The partial pressure difference
was fixed at 0.21 (air)/0.003 bar 0,. The flux of 0.24 +
0.04 mmol m 2 s remains constant with decreasing thick-
ness, indicating a surface-exchange-limited flux within
experimental error.

Table . Activation energies of oxygen semipermeability of 0.7 to
0.8 mm thick membranes with varying silver contents.

VAg (%) L (mm) -log (p2,/bar) Ea,, (kJ/mol)

0.0
10.0
27.8
40.0

0.70
0.77
0.79
0.75

2.70 to 2.80
2.80
2.25

121 + 4
88 10
95 ±+ 1

116 9

Fig. 4. Thickness dependence of oxygen flux of BE25Ag40
membranes at 873 K in fixed air/0.003 bar 0, partial pressure
difference.

The permeance, defined as the ratio of flux and driving
force, jo2/E, is 2.9 + 0.5 mmol m 2 s ' V at this tempera-
ture, much smaller than the value of 22.1 mmol m 2 s-l V-l
that can be calculated-from the data of Shen et al.'" for
0.2 mm thick (Bi,Y,503)65,/o(Ag)35v,, under similar condi-
tions. The reason for this large discrepancy is not clear.

Effect of oxygen pressure on flux.-The effect of varia-
tion of the feed-side pressure on the flux (the permeate-
side pressure was kept constant) through BE25Ag40 is
shown in Fig. 5. Assuming the permeation rate to be con-
trolled by the surface exchange process only, the experi-
mental data were fitted to Eq. 11. The best fits yielded val-
ues n = 0.26, 0.27, and 0.23, at 873, 913, and 953 K,
respectively, suggesting that n = 1/4. The data were then
fitted to Jo, = 1/2jx[(p;)"4

- (p,)1/4], as shown graphically
in Fig. 5b. The same pressure dependence was found for
other membrane thicknesses.

In Fig. 6 the permeate side dependence of BE25Ag40 is
shown when air was supplied to the feed side. The drawn
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Fig. 5. Feed-side pressure dependence of oxygen flux of 1.02 mm
BE25Ag40 membrane.
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Fig. 6. Permeate-side pressure dependence of oxygen flux
through 1.03 mm BE25Ag40 membrane.

lines indicate the best fits of Eq. 11 with n = 1/4 to the
experimental data. Oxygen exchange rates jx determined
from pressure variation experiments are listed in Table II.

Results of feed-side-pressure variation experiments on
nonpercolative BE25Ag278 at 953 K are shown in Fig. 7.
The best fits to Eq. 11 with n = 1/4 are indicated by drawn
lines in the figure. As demonstrated earlier, it is plausible
that ambipolar diffusion in the oxide phase exerts a par-
tial control of the permeation rate through the nonper-
colative Ag-containing compositions. Taking into account
that in the oxide phase ca << ai and Se c po, the rate of dif-
fusion will be governed by electron hole conductivity and
thus be proportional to p/24 12 Furthermore, under the
assumption that the surface process is essentially the same
as on BE25Ag40, a 1/4 power dependence on oxygen pres-
sure is expected for the surface reaction rate as well. No
conclusion can therefore be drawn about the nature of the
rate-determining step for BE25Ag278 based on oxygen
pressure variation.

Isotopic exchange.-Oxygen isotopic exchange analysis
was performed on percolative BE25Ag40 to verify the in-
dications of an exchange-controlled flux described previ-
ously. An equilibration of isotopic fractions between the
gas and solid phase that is completely rate-determined by
the surface exchange reaction follows first-order kinetics.
For the atomic fraction of '10 in the gas phase it can be
shown 24 that

[ 1
X8 (t) = (') -+ [ 8 (0) - xl 8 (o)] exp -ArA (t - n] ]t;

[14]

where n,, is half the total number of moles 02- in the bulk,
nga, the total number of moles 02 in the surrounding gas
phase, r, the equilibrium exchange rate, and A the sample
surface area. Figure 8 displays an exchange curve of
BE25Ag40 in the form ln[(x,,(t) - x,(oo))/(x,,(0) - x8 (c))]
vs. t. The absence of a deviation from linearity indicates
that diffusion does not exert a partial rate limitation.

Calculated values of r, at 873 K at selected oxygen pres-
sures are given in Fig. 9. The best fit to the data, indicat-
ed by the drawn line, has a slope n = 0.30 + 0.08, reason-
ably close to 1/4. The exchange rate j,* = 0.56 

Table II. Oxygen exchange rates ji, (mmol m- 2 s- ) on BE25Ag40
at 1 bar 0, determined from oxygen permeation and isotopic

exchange experiments.

0.12

' 0.08
E

E
E 0.04

0

a.
0.12

`o 0.08
E

E
Eg 0.04
.

0

b.

-2 -1.5 -1

log (po02bar)

0 0.2 0.4 0.6

(P, )1/4- (-P )1/4

-0.5 0

0.8

Fig. 7. Feed-side pressure dependence of oxygen flux of 0.79 mm
BE25Ag278 membrane at 953 K.

0.08 mmol m-2 s l at 873 K, in very close agreement with
the exchange rates determined from permeation data list-
ed in Table II.

One may speculate about the nature of the rate-deter-
mining step in the exchange mechanism. For instance, the
1/4 power dependence can be explained by assuming the
rate-determining step to involve surface diffusion of elec-
tron holes on the BE25 surface. The observed activation
energy of 116 + 9 kJ/mol is close to the value of 106 kJ/mol
reported for electron hole conduction in Bi.,5 Y. 5 O3,.1 7

However, surface diffusion of adsorbed O- species would
also be in agreement with the observed kinetic order.
Additional work is required to gain more insight into the
mechanism of the surface oxygen exchange mechanism.

Conclusions
Oxygen permeation experiments were conducted on

BE25Ag10, BE25Ag278, and BE25Ag40 membranes, with.
a relative density of 97 to 98%, thickness in the range 0.2
to 2.0 mm, under various Po2 differences. The observed

ix

Permeation
T (K) measurements

873
913
953
993

0.55 0.03
1.43 + 0.05
2.43 0.06

Isotopic Feed-side
exchange permeate-side

0.54 ± 0.02
1.20 ± 0.12
2.37 ± 0.16
3.69 0.30

0.56 ± 0.08

0 3000 6000

time (s)
9000 12000

Fig. 8. Decay curve of '80 gas-phase atomic fraction x,8 (f) in
isotopic equilibration of BE25Ag40 at 873 K.
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Fig. 9. Oxygen exchange rates obtained front
exchange at 873 K and various pressures. The b
indicated by a drawn line, has a slope n = 0.30

fluxes increased with increasing fraction
oxygen flux through BE25Ag10 and BE25,
partly determined by diffusion of electron
the BE25 oxide phase. The activation enei
permeation for these compositions is in
100 kJ/mol.

The flux through BE25Ag40 membranes
ited by the surface kinetics. At 873 K th
2.9 0.5 mmol m- 2 s- ' V-'. The ambipo
BE25Ag40 is high due to the percolativi
phase, which allows fast transport of elec
vation energy for the surface exchange p
9 kJ/mol. Both oxygen permeation and is(
experiments on BE25Ag40 indicate an 
dependence of n = 1/4 for the oxygen exci
value indicates that the surface process is
that observed on pure BE25, where n = 1/
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ERRATUM

In the article, "The Effect of Salt Concentration in
Electrolytes on the Maximum Energy Storage for Double
Layer Capacitors," by J. P. Zheng and T. R. Jow [This
Journal, Vol. 144, No. 7, pp. 2417-2420 (1997)], the following
corrections should be made. On p. 2417 after Eq. lb, C =
1/4cpfle. Seven lines below that, the sentence which
describes Eq. 2a and b should read, "On the other hand,
the energy density, E,, and the total energy, U,, based on the
electrolyte only are limited by the ion concentration or the
quantity of free ions in the electrolyte and can be
expressed, respectively, as Eq. 2a and 2b." In the
Experimental section, the unit for the thickness of the car-
bon electrode was about 76 pxm and the porous paper used
as the separator was 50 pm thick. In the Results and

Discussion section, on p. 2419, right column, the last line
of the continued paragraph should read "...words, the
value of in Eq. 2a should be less than 1." Thirteen lines
from the bottom of the same page, the value of the salt
concentration should be 0.2 M and two lines from the bot-
tom, the high salt concentration should be > 0.2 M. The
publication information for Ref. 2 is J. P. Zheng, J. Huang,
and T. R. Jow, This Journal, 144, 2026 (1997) and for Ref. 3
is J. Power Sources, 62, 155 (1996). The present address for
T. R. Jow is the Army Research Laboratory, Sensors and
Electron Directorate, Attn: AMSRL-SE-DC, Adelphi, MD
20783-1197, USA. The present address for J. P Zheng is
FAMU-FSU, College of Engineering, Tallahassee, FL
32310-6046, USA.
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