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Abstract 

We have characterized the transport properties of a mixed ionic-electronic conductor, BaCe,,,Y,,,O,_, (BCY), by 
using impedance spectroscopy and open-cell voltage measurements. Such mixed conductors have many applications, 
including hydrogen separation. Results indicate that in an oxygen/water vapor atmosphere, proton conduction is dominant at 
low temperatures (500 to 600°C) while oxygen ion conduction dominates at higher temperatures (700 to 800°C). In a 
hydrogen/water vapor atmosphere, however, proton conduction dominates over the entire temperature range studied (500 to 
800°C). The proton conductivity of BCY ranges from 1.9 X 10 m-3 a-’ cm-’ at 800°C in an oxygen/water vapor atmosphere 
to 1.27 x 1o-2 LK’ cm-’ in a hydrogen/water vapor atmosphere. Compared to protonic conductivity (= 7.2 X low3 
R-’ cm-‘), electronic conductivity in a HZ/H,0 atmosphere is relatively low ( = 2.1 X 10m3 a-’ cm-‘) at 700°C and must 
be enhanced in order to improve the rate of gas permeation when BCY is used as a membrane for gas separation. 
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1. Introduction 

Mixed conductors have found many applications, 
including solid oxide fuel cells, solid-state gas 
sensors, and membranes for gas separation [l-7]. 
Perovskite-type oxides are extensively studied due to 
their high ambipolar conductivities. These materials 
are usually electronic and oxygen ionic conductors 
that can be used in oxygen separation, oxygen 
sensors, and solid oxide fuel cells. In a hydrogen-free 
atmosphere, the ionic current is carried only by 
oxygen ions but protonic conduction is observed in 
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hydrogen-containing atmospheres. This was first 
discovered by Iwabara et al. in SrCeO, materials [ 11, 
and BaCeO, compounds were later extensively 
studied due to their higher conductivities [S-11]. It 
is generally agreed that barium cerate electrolytes 
exhibit both oxygen ion and proton conduction; the 
oxygen ion and proton transference numbers depend 
on temperature and atmosphere. In BaCeO, com- 
pounds, a gradual transition from proton to oxygen 
ion transport occurs with increasing temperature 
[9,10,12,13]. Bonanos et al. and Knight related this 
transition phenomenon to structure properties and 
claimed that phase transformation might be respon- 
sible for the transition [ 14-161. 

In hydrogen/oxygen solid oxide fuel cells, it is the 
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total ionic transference number, not the oxygen ion 
or proton transference number, that determines fuel 
cell performance. For gas separation, however, the 
preference is for only one gas species to transport 
through the ceramic membrane. For H, separation 
from oxygen-free gas mixtures, it is reasonable to 
neglect oxygen transport. But in an oxygen-con- 
taining atmosphere, oxygen conduction must be 
taken into account because oxygen ion transport may 
be inevitable in these perovskite-type materials. In 
gas mixtures from which hydrogen is to be sepa- 
rated, such as recycled gases and synthesis gases, 
water vapor is present as well and may contribute to 
oxygen ion conduction. 

In this study, transport properties are characterized 
by impedance spectroscopy and open-cell voltage 
(OCV) measurements on concentration cells of 
oxygen, water vapor, and hydrogen [17-221. 

2. Experimental 

2.1. Sample preparation 

We synthesized 5% Y-doped BaCeO, (BCY) via 
solid-state reactions. BaCO, (Mallinckrodt), CeO, 
(Trona Chemicals), and Y,O, (Trona Chemicals) 
with the desired stoichiometric ratio were ball-milled 
for at least 24 h and then calcined for 12 h at 1000°C 
in air. The powders were then ground and recalcined 
in air for 10 h at 1200°C. The resulting powders, 
confirmed by X-ray diffraction to be of perovskite 
structure (Fig. l), were then uniaxially pressed into 
pellets with a 2.2 cm diameter die under a pressure 
of 100 MPa. The pellets were then sintered in air for 
10 h at 1550°C. Relative densities of the sintered 
pellets were = 92%. Crack-free pellets were 
polished on two sides and Pt mesh (#SO) was 

Fig. 1. X-ray diffraction patterns for Y-doped SrCeO,, BaCeO, and BaZrO,. 



.I. Guan et al. I Solid State Ionics 100 (1997) 45-52 47 

attached to the polished surfaces with Ag paste 
(Heraeus ClOOO), which was then dried at 150°C for 
2 h and fired at 850°C for 30 min in air. The 
resulting pellets were sealed onto the end of an 
Al,O, tube by a glass sealant, ANL Mat43 
(SrG:La,O,:Al,O,:B,O,:SiO, = 41.76:3.74:16.27: 
27.01:11.23) [23]. The glass powders were mixed 
with ethylene glycol as binder and isopropyl alcohol 
as a dispersant. The sealed structure was first air- 
dried, then heated slowly (20°C per h ramp and S-h 
dwell at 350°C) to burn out the binder, and finally 
devitrified at 780°C. 

2.2. Impedance spectroscopy 

Impedance spectra of cells with Pt/Ag electrodes 
and BCY electrolyte were measured with an impe- 
dance analyzer (HP4192A LF) in the frequency 
range of 13 MHz to 5 Hz. Water vapor was obtained 
by bubbling the selected gas through deionized water 
at either room temperature (22-23”(Z) or at 40°C in a 
constant-temperature water bath (PolyScience, 
7305). In the latter case, tubes circulating with 40°C 
water were wrapped around the gas tlow tube 
between the bubbling bottle to the furnace to prevent 
water vapor condensation. Water vapor pressure was 
measured by an instant digital hygrometer (Fisher 
Scientific) and the measured values are consistent 
with the standard data [24]. 

2.3. OCV measurements with concentration cells 

For a concentration cell exposed to different gases 
(gases I and II), OCV can be expressed as [20]: 

(1) 

where the chemical potential of species k is 

I-%? = I% + %A. (2) 

,& is the electrochemical potential of defect k, ,G, is 
the electrochemical potential of electrons, tk is 
transference number for defect k, and zk is the charge 
number of defect k. 

In a concentration cell containing oxygen and 
water vapor, the electrode reactions include 

+ 0, + 2e’ u 02- , (3) 

H,O(g)ti2H+ + 3 O,(g) + 2e’ . (4) 

Integrating Eq. (1) over the thickness of the elec- 
trolyte, we have 

where 

tion = t, + t, . (6) 

When the partial pressure of water vapor is kept 
constant while an oxygen concentration gradient is 
created between gases I and II, the OCV measure- 
ment can give the total ionic transference numbers, 

tion) from Eq. (5). When the oxygen concentration 
gradient across the cell is kept constant while the 
water vapor partial pressure on one side of the cell is 
changed to create a water vapor concentration gra- 
dient, the OCV will change due to the effects of 
water vapor gradients. Solving these V,, expressions 
will give the transference numbers of oxygen ions 
(to), protons (tH), and electrons (t,). 

In a concentration cell containing hydrogen and 
water vapor, the electrode reactions include: 

H,(g) u 2Hf + 2e’ , (7) 

H,O(g) + 2e’ ti H,(g) + 02- . (8) 

Integrating Eq. (1) over the thickness of the elec- 
trolyte, we have 

voc=$ [ -tio”ln($j+toln($J]. (9) 

A procedure like that described above can be used to 
determine transference numbers in this H,/H,O 
atmosphere. 

In OCV measurements, BCY pellets were used as 
the electrolyte for concentration cells, as shown in 
Fig. 2. Gases I and II were fed to both sides of the 
cell through the gas inlets, which were very close to 
the sample being tested. Gas flow rates were adjusted 
to ~100 cm3 (STP)/min. 

The OCVs of the concentration cells stabilized 
within several hours. At lower temperatures, e.g., 



48 J. Gum et al. I Solid State Ionics 100 (1997) 45-52 

Outer Alumina Tube 

Gas II Inlet 

I Ic!l I 
I I I 

I 1 *Gas II Outlet 

let 

I I 

Electrode Leads 
< > 

Fig. 2. Schematic illustration of testing setup. 

5OO”C, sluggish reaction kinetics on the surface 
required longer equilibration times (up to 15-24 h) 
to stabilize the OCV. 

3. Results and discussion 

3.1. Total conductivity in difSerent atmospheres 

Fig. 3 shows the total conductivities of BCY 
pellets in different atmospheres as determined by 
impedance spectroscopy. Total conductivity of 5% 
Y-doped BaCeO, was low in pure argon even at high 
temperatures (?600”C), but increased slightly with 

Total Conductivity in Different Atmospheres 
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Fig. 3. Total conductivity measured in different atmospheres. 

the addition of ~2% water vapor. At low tempera- 
tures (=550”(Z), total conductivity was low but 
increased significantly upon adding 22% water 
vapor. In pure oxygen, the total conductivity of BCY 
was found to be much higher than that in pure argon, 
but the effect of water vapor depended on tempera- 
ture. At low temperatures, addition of water vapor 
increased the total conductivity, but at high tempera- 
tures, total conductivity decreased slightly when 
water vapor was added. 

Also shown in Fig. 3 is total conductivity de- 
termined from impedance spectra of a hydrogen/ 
water vapor concentration cell under open-cell con- 
ditions. Total conductivity increased from 4.37X 
10m3 a-’ cm-’ at 600°C to 1.99X10-* 0-l cm-’ 

at 800°C. 

3.2. Transference number 

3.21. In oxygen-containing atmospheres 
Transference numbers were determined by using 

the following concentration cells: 

II, 0, + 2.81%H20, Pt 1 BCY ( Pt, N, + 8%0, 

+ 2.81%H20, I (cell 1). 

II, 0, + 7.38%H20, Pt 1 BCY 1 Pt, N, + 8%0, 

+ 2.64%H20, I (cell 2). 

II, N, + 8%0, + 7.38%H,O, Pt 1 BCY 1 Pt, 0, 

+ 2.81%H,O, I (cell 3). 



J. Guan et al. I Solid State Ionics 100 (1997) 45-52 49 

As can be seen from Table 1, the measured OCVs 
of cell 1 decrease as temperature increases, indicat- 
ing that the electronic transference numbers increase 
with temperature. When the partial pressures of water 
vapor were changed to the level in cell 2 while 
oxygen partial pressure were kept the same as in cell 
1, the observed OCVs of cell 2 were quite different 
than those of cell 1. First, the OCVs were lower than 
those of cell 1 at each temperature. Second, the 
OCVs increased with temperature, unlike those in 
cell 1. Because the partial pressures of oxygen across 
the two cells are the same, the only possible reason 
is the difference in partial pressure of water vapor 
across these two cells. From Eq. (5), it is clear that 
the OCVs of cell 2 will be lower than those of cell 1 
if the proton transference numbers are not zero 
because the water vapor gradient partially offsets the 
EhJF arising from the oxygen gradient because of the 
difference in polarity. When the oxygen gradient 
across the cell was reversed to that of cell 3, the 
OCVs changed sign. When the oxygen and water 
vapor gradients had the same polarity (as in cell 3), 
higher OCVs resulted, as indicated in Table 1. 

Shown in Fig. 4 are the total ionic, oxygen ion, 
proton, and electronic transference numbers of the 
mixed conductor calculated from the OCV dam for 
cells 1 and 2. Similar results were obtained with the 
OCV data from cells 1 and 3. Total ionic transfer- 
ence number decreases as temperature increases, 
while the electronic transference number increases. 
Protons dominate ionic conduction at low tempera- 
tures (500 to 6OO”C), while oxygen ions dominate 
ionic conduction at high temperatures (700 to 
800°C). 

3.2.2. In hydrogen-containing atmospheres 
Transference numbers in hydrogen/ water vapor 

atmospheres were measured by using the following 
three cells: 

II, N, + 4%H, + 2.64%H,O, Pt 1 BCY ( Pt, N, 

+ 0.488%H, + 2.64%H,O, I (cell 4). 

II, N, + 4%H, + 7.38%H,O, Pt 1 BCY 1 Pt, N, 

+ 0.488%H, + 2.64%H,O, I (cell 5). 

Table 1 

OCV(II-I) data for oxygen/water vapor concentration cells 1, 2, 
and 3 

Temperature OCV (mV) 

(“C) Cell 1 Cell 2 Cell 3 

500 32.0 14.8 -48.2 

600 28.0 19.9 -36.8 

700 27.2 22.1 -31.3 

800 26.4 22.3 -29.7 

0 ,~~,“,~~‘~~,~‘,,~~I~~,~‘,~,~‘~,~,I,,~~ 
450 500 550 600 650 700 750 800 850 

Temperature, OC 

Fig. 4. Transference numbers determined in O,/H,O concen- 
tration cells 1 and 2. 

II, N, + 0.488%H, + 7.38%H,O, Pt 1 BCY 1 I’& N, 

+ 4%H, + 2.64%H,O, I (cell 6). 

The observed OCVs are listed in Table 2, while 
the transference numbers calculated from the OCV 
measurements are presented in Fig. 5. The total ionic 
transference number in hydrogen/water vapor en- 

Table 2 

OCV(II-I) data for hydrogen/water vapor concentration cells 4,5, 

and6 

Temperature 

(“C) 

OCV (mV) 

Cell 4 Cell 5 Cell 6 

500 -63.13 -62.01 64.02 

600 - 66.43 - 64.48 68.14 

700 - 70.55 -65.17 75.57 

800 - 76.39 -69.11 83.26 
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Fig. 5. Transference numbers determined in Hz/H,0 concen- 

tration cells 4 and 5. 

vironments decreases from 0.90 to 0.79 when tem- 
perature increases from 500 to 800°C. Compared to 
those in an oxygen/water vapor atmosphere, the 
ionic transference number is higher in the hydrogen/ 
water vapor atmospheres. Electronic transference 
numbers, however, are much lower (t,=0.21 at 
800°C) in hydrogen/water vapor atmospheres. 
Proton transference numbers decrease from 0.87 to 
0.63 while oxygen ion transference numbers increase 
from 0.03 to 0.15 as temperature increases from 500 
to 800°C. Clearly, protons dominate ionic conduction 
over the entire range of temperatures tested. These 
results differ from those of Bonanos et al. [14], who 
show that oxygen ions dominate ionic conduction in 
Gd-doped BaCeO, at high temperature, even in 
hydrogen/water vapor atmospheres. 

For a given total conductivity, ambipolar diffusion 
flux density reaches its maximum when the ionic 
transference number (oxygen ion or proton) equals 
the electronic transference number [7,25]. The rela- 
tively low electronic transference numbers for this 
material suggest that electronic transport is insuffi- 
cient in the hydrogen/water vapor environments to 
obtain maximum H, flux density. To improve elec- 
tronic transport, a second phase with high electronic 
conduction or proper doping is needed. 

3.3. Partial conductivities of charged species 

3.3.1. In oxygen-containing atmospheres 
The conductivities of the mobile defects are 

calculated from 

ai = at&$1 x ti . (10) 

The results are shown in Fig. 6. Total ion, oxygen 
ion, and electronic conductivities increase dramati- 
cally with temperature. But proton conductivities 
increase slightly from 1.38X lop3 Sz-’ cm-’ to 
1.93 X 1O-3 K’ cm-’ when the testing temperature 
increases from 600 to 800°C. These results are in 
agreement with those of Bonanos, Taniguchi et al., 
and Iwahara et al. [9,10,12,13]. 

3.3.2. Zn hydrogen-containing atmospheres 

As shown in Fig. 7, all conductivities increase 
with increase of temperature in hydrogen/water 
vapor atmospheres. Unlike the slight increase in 
proton conductivity that was observed in the oxygen/ 
water vapor containing atmosphere, proton conduc- 
tivities increased dramatically from 3.47X 10m3 
K’ cm-’ to 1.27X lo-’ IR-’ cm-’ when tempera- 
ture increased from 600 to 800°C. It must be 
mentioned, however, that oxygen ion conduction 

Conductivity In 0, + Hz0 
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Fig. 6. Conductivity of 5% Y-doped BaCeO, in O,/H,O atmos- 

phere. 
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Fig. 7. Conductivity of 5% Y-doped BaCeO, in Hz/H,0 atmos- 

phere. 

remained measurable (~3 X 10e3 IR-’ cm-’ at 
800°C) even in the hydrogen-containing atmosphere 
due to the presence of water vapor. This suggests 
that the selectivity of BCY for hydrogen separation 
would be improved by drying the gas mixture. 

4. Conclusions 

Using impedance spectroscopy and open cell 
voltage (OCV) measurements, we characterized the 
transport properties of several concentration cells 
based on 5% Y-doped BaCeO, (BCY). Proton 
conduction has been observed in this material in 
hydrogen/containing atmospheres. Proton and oxy- 
gen ion transference numbers were calculated from 
the measured OCVs. In an oxygen/water vapor 
atmosphere, protons dominate ionic conduction at 
low temperatures (500-6OO”C), while oxygen ions 
dominate at higher temperatures (700-800°C). In a 
hydrogen/water vapor atmosphere, proton conduc- 
tion dominates over the entire range of temperature 
(500-8OO’C). The electronic conductivity of BCY in 
a hydrogen/water vapor atmosphere was relatively 
low (=2.11X 10e3 0-l cm-‘), compared to the 
protonic conductivity (=7.22X lop3 a-’ cm-‘) at 

700°C. To optimize the properties of BCY for 
hydrogen separation and maximize the gas flux, 
electronic conductivity should be increased. 
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