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North-Holland 

SOLID 
STATE 
IONICS 

Review of p-type doped perovskite materials for SOFC 
and other applications 

H a r l a n  U.  A n d e r s o n  
Department of Ceramic Engineering, University of Missouri-Rolla, 222 McNutt Hall, Rolla, MO 65401, USA 

p-type perovskite-type oxides are candidates for use as components of high temperature fuel cells and as oxygen separation 
membranes. The particular properties that these applications require are reviewed. The characteristics that these oxides have 
which allow them to satisfy many of these requirements are discussed and a defect model presented. The status of the utilization 
of these oxides and of the areas which need to be addressed such as thermal expansion and sintering characteristics are reviewed. 

I.  Introduction 

p-type oxides which are of  the perovski te  crystal 
structure are being uti l ized in a number  of  high tem- 
perature electrochemical  processes such as solid ox- 
ide fuel cells (SOFC) ,  electrolysis, reduct ion of  ox- 
ygen, oxygen sensors and oxygen separat ion 
membranes .  The reason that this class of  oxides has 
so many applications is that they either possess many 
of  the propert ies  required by these appl icat ions  or 
can have propert ies  tai lored to meet a given appli-  
cation by substitutions of  a wide range of  cations onto 
the lattice. 

Each appl icat ion has its own set of  unique prop-  
erty requirements  on the oxide, however,  all o f  them 
tend to fall into the following: 

( i )  The rmodynamic  stabili ty over  the applicable 
temperature and oxygen activity range, e.g. for SOFC 
applications, the interconnect must be stable over the 
oxygen act ivi ty range of  10 -18 to 1 a tm at 1000°C. 

( i i )  Sufficient electrical conductivity over the range 
of  operat ion,  e.g. for SOFC, the interconnect  must  
have electrical conduct ivi ty  > 1 S cm -1 and the 
cathode > 5 0  S cm - t  at 1000°C. 

( i i i )  Sufficient chemical  stabil i ty in contact  with 
other components .  

( iv)  Mechanical  stabil i ty with other  components .  
i.e., sufficient strength and thermal expansion match. 

(v)  Mixed electronic and ionic conductivi ty.  This 

is impor tan t  for the SOFC cathode, catalysis and ox- 
ygen separat ion membranes .  

It is the intent o f  this review to discuss the char- 
acteristics that these oxides possess which allow them 
to have such a wide and variable range of  properties.  
For  example, the tendencies of  acceptor doped p-type 
oxides to form oxygen vacancies upon reduction leads 
to mixed electrical conductivity.  

It will be shown that an unders tanding of  the de- 
fect structure and defect chemistry makes it possible 
to " ta i lo r"  propert ies  to the needs o f  a given appli-  
cation. It will also be suggested that  this unders tand-  
ing leads us to predic tabi l i ty  of  propert ies  which 
opens avenues to new ut i l izat ion of  these oxides. 

Specific examples o f  LaMnO3, and LaCrO3 being 
used as SOFC cathodes and interconnects  respec- 
t ively will be given. 

2. Defect  chemis try  

Perovskite-type oxides, of  the ABO3 structure, with 
t r ivalent  t ransi t ion metal  ions in the B and a triva- 
lent rare earth in the A posit ion,  are p-type conduc- 
tors. As a result, their  nat ive (major i ty )  nonsto- 
ichiometr ic  defects are cation vacancies (oxygen 
excess) and electron holes, with oxygen vacancies 
being the minori ty.  Since most  of  the studies have 
been with lan thanum on the A site, most  of  the dis- 
cussion will center on LaBO3 compounds .  

0 t 67-2738/92/$ 05.00 © 1992 Elsevier Science Publishers B.V. All rights reserved. 



34 H. U. Anderson ~p-type doped Perovskite materials 

Our thermogravimetric investigations on LaCrO3 
[1 ] and LaMnO3 [21, as well as those of  others [3] 
on the LaBO3 perovskites, show that the oxygen va- 
cancy content in these oxides is small, even at suf- 
ficiently low oxygen activity, that dissociation oc- 
curs. This is because oxygen vacancies a r e  n o t  the 
native (or majority) nonstoichiometry defects in 
these oxides. Since in this structure the mobility of  
oxygen vacancies is much greater than that of  cation 
vacancies, if we wish to enhance the ionic conduc- 
tivity, we must increase the oxygen vacancy concen- 
tration beyond that due to the nonstoichiometry. 

Our results and others [1 -5 ]  indicate that high 
concentrations of  oxygen vacancies can be induced 
into the structure by the substitution of  acceptors 
onto either the A or B sites. What is observed is il- 
lustrated schematically in fig. 1 which is a plot of  the 
oxygen content of  At_ ~A!~-BO3 + 6 as a function of  ox- 
ygen activity at a constant temperature that is suf- 
ficiently high that equilibrium may be attained. 

In region I, excess oxygen exists and the native 
nonstoichiometric reaction 

30= ~-3Oo +V;~' +V~' + 6 h  

prevails and the electroneutrality condition is 

p =  3 [V;i'] +3[V;~ ' ] .  

In this region the oxygen vacancy content is ex- 
tremely small. In all of  the examples we could find 
the oxygen vacancy content is < 0.02 even at the ox- 
ygen activity, where dissociation occurs [2].  

As the oxygen activity decreases, the excess oxy- 
gen content decreases until the concentration of  ac- 
ceptor dopants is sufficient to become the majority 
defects. In this region (II)  the electroneutrality 
becomes 

p =  [A'] 

and oxygen stoichiometry prevails. The region is es- 
sentially void of  both oxygen and cation vacancies. 

Due to the acceptors no oxygen activity depen- 
dence on either the electrical conductivity or weight 
loss is observed since the carriers are constant and 
no weight loss can be measured. As the oxygen ac- 
tivity decreases, oxygen deficiency starts to appear 
(region III)  and the electrical conductivity begins to 
decrease and weight loss is observed. The loss of  
weight is due to the reversible formation of  oxygen 

g, 
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Fig. 1. Oxygen content ,  (3 +_ 8) in acceptor  doped LaBO3 ± ~ as funct ion of  oxygen act iv i ty  at constant  temperature .  The B site is occupied 
by a t rans i t ion  meta l  ion. 
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vacancies which tend to compensate the acceptor do- 
pants. This decreases the carrier concentration ac- 
cording to the expression 

p=  [acceptor] - 2 ]oxygen vacancies] . 

Based upon this general behavior we and Mizusaki 
et al. [4-6] have been able to formulate a model 
which describes the redox characteristics. The essen- 
tials of the model are illustrated in our reports on 
LaCrO3 [ 1 ] and LaMnO3 [2]. For the case of Sr 
doped LaMnO3 one expects ionic compensation at 
low oxygen activity, due to formation of oxygen va- 
cancies (Vo), and electronic compensation at high 
oxygen activities due to Mn3+--,Mn 4+ transitions, 
which according to Kr6ger-Vink [7] notation is 
given by, 

La~ _., Sff~ M n  i _.v Mn.~, O3 

~La, _xSV~Mn,_ v+ 2xMnl ,_a .vO3_x  + x / 2 0 2  . 

The electroneutrality condition for this region (III) 
becomes 

p =  [ S r ' ] - 2 [ V o ]  . 

It is expected that when the total conductivity starts 
to decrease, the partial oxygen ion conductivity 
should increase due to the increase in oxygen va- 

cancy concentration and the conductivity should 
move from electronic to mixed ionic/electronic to 
ionic as the oxygen activity is decreased. The mea- 
surements confirm these predictions with regards to 
the overall trends, as shown in figs. 2 and 3. How- 
ever, at the present time we are unable to identify the 
range of partial conductivities, so the detailed be- 
havior and its effect on properties has not been 
confirmed. 

As the oxygen activity decreases, eventually the 
oxygen vacancy concentration will be given by 

[Sr'] = 2 [ V o ] ,  

which is region IV. In this region no oxygen de- 
pendency is observed (see Mizusaki et al. [4] ) and 
a constant concentration of oxygen vacancies exists. 
Thus with reduction, we expect to see ionic conduc- 
tivity increasing as we enter region III and then max- 
imize to a constant in region IV (as illustrated in fig. 
4). 

As the oxygen activity decreases further, eventu- 
ally the oxide again begins to lose oxygen due to the 
Mn 3+--,Mn 2+ transition yielding the reaction 

r e d  

2Mn~n + O o .  ~ 2Mn~n +V~ + ½02. 
o x i d .  

This reaction can generate more oxygen vacancies, 
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Fig. 2. Log conductivity vs. Log Po2 for Yo.ssCao.,sCrO 3 at various temperatures. The solid lines are calculated. 
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Fig. 4. Total electrical conductivity and ionic conductivity as function of oxygen activity and temperature of acceptor doped LaBOr, 
where the B site is occupied by a transition metal ion. 

h o w e v e r  in  the  case  o f  L a M n O 3 ,  the  p e r o v s k i t e  

s t r u c t u r e  c a n n o t  a c c o m o d a t e  a ve ry  h igh  M n  2+ con-  

c e n t r a t i o n  before  the  s t ruc tu re  d i ssoc ia tes  in to  La203, 

M n O ,  S r M n O 3  a n d  La2MnO4.  W h e n  th i s  occurs ,  t he  

oxygen  v a c a n c y  c o n c e n t r a t i o n  dec reases  to  zero. 

A c c o r d i n g  to i n f o r m a t i o n  a v a i l a b l e  [ 3 ] all o f  the  
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LaBO3 series behave similar to LaMnO3 in the re- 
spect that dissociation occurs as soon as about 10- 
30% of the B 3+ reduces to B 2+. Thus region V can 
be considered to represent the limit where the oxy- 
gen vacancy concentration becomes negligible and 
the ionic as well as the electronic conductivities be- 
come undefined. 

Table 1 shows the available data regarding the lo- 
cations of regions III, IV and V for the LaBO3 series. 
An inspection of the table reveals that the maximum 
oxygen activity at which oxygen vacancies begin to 
form (region III), in a rare earth perovskite oxide 
(LaBO3) with the B site being occupied by either a 
single transition element (Cr to Ni), or mixtures 
thereof, is influenced by the position of the cation in 
the periodic table, temperature and acceptor dopant 
,concentration. Figs. 2 and 3 illustrate the influence 
of acceptor concentration and temperature on the 
:position of region III respectively. As can be seen that 
region III shifts to higher oxygen activity with in- 
crease in either temperature or acceptor 
concentration. 

For all practical purposes, region V (which is de- 
tined by the oxygen activity where dissociation oc- 
curs) is the limit of the existence of oxygen vacan- 
cies. Thus the oxygen activity range over which high 
oxygen vacancy concentration exists lies in region III 
and IV. (As illustrated in fig. 4.) It is within this re- 
gion that we postulate the presence of maximum 

T a b l e  i 

A p p r o x i m a t e  o x y g e n  a c t i v i t y  w h e r e  r e g i o n s  I l I ,  I V  a n d  V 

at  I O 0 0 ° C .  

b e g i n  

mixed conductivity. We have neither confirmed this 
experimentally nor found any data confirming this 
by others. 

Our studies plus others [ 1-4 ] suggest that the on- 
set of regions III and V are very dependent upon both 
the position of the B ion in the periodic Table (num- 
ber of 3d electrons) and the acceptor concentration. 
As shown in table 1 and fig. 5, the onset of both re- 
gions III and V occurs at higher oxygen activity as 
the number of 3d electrons of the B site ion increases 
and also with addition of acceptors. For example at 
1000°C undoped LaCrO3 has no oxygen vacancies 
under any conditions. However, the introduction of 
either Mg or Sr causes region III to appear at about 
10 -~° atm oxygen with region IV extending to 
< 1 0  - 2 °  arm. LaFeO3 also has few oxygen vacancies, 
but the introduction of Sr causes region III to start 
near Ia tm oxygen with region IV extending to 10- ~ 7 
atm oxygen. In the case of Sr doped LaCoO3 and 
LaNiO3, region III exists at 1 atm oxygen however, 
dissociation occurs at 10 -7 and 10 06 arm oxygen 
respectively. Similar to our observations a relation- 
ship between the electrolytic evolution of oxygen and 
the number of 3d electrons in the B site ion has been 
reported by Bockris and Otagawa [9]. In this study 
they show that the catalytic activity of LaBO3 is re- 
lated to the electronic configuration of the B ion. 
Much research is focussed in the area of relating elec- 
tronic configuration and stoichiometry to mixed 
conductivity and SOFC electrode stability. Most of 
this work is ongding and little is available in the open 
literature. 

C o m p o s i t i o n  R e g i o n  I I l  R e g i o n  IV  R e g i o n  V Ref .  

( a r m )  ( a t m )  ( a t m )  

L a V O 3  < 10 -20 - < 10 -20 [ 3 ]  

L a C r O 3  < 1 0  -18 < 1 0  20 < 1 0 - 2 o  [ 3 ]  

LaCro.q5Mgo.osO3 10 -12 < 10 -20 - [6] 
t ,aCro.gMgo.103 10 ii < 10-2o _ [ 6 ]  

Lao.gSro . lCrO 3 10 -11 < 10 -20 - [ 5 ]  

Lao7Sro .3CrO 3 10 -9  < 10 20 _ [5 ]  

L a M n O 3  10 16 _ 10 -16/15 [ 8 ]  

Lao.gSroA M n O 3  10 -13 10 -15 10 -16 [ 8 ]  

Lao.sSro.2MnO3 10 -I~ 10 -~4 10 -16 [ 8 ]  

k a F e O 3  10 - I t  - 10 -17 [ 4 ]  

Lao.gSro.~FeO3 10 i _ 10 -17 [4 ]  

Lao 75Sro 25FeO3 > 10 ° 10 - 5  10 -14 [ 4 ]  

L a C o O 3  - - 10 -7  [ 3 ]  

L a N i O 3  - 10 -0.6 [ 3 ]  

3. Applications 

3.1. Solid oxide fuel cell 

As electrode materials, perovskites find a wide 
range of applications in particular in SOFC. Perhaps 
the most significant limitations are imposed on the 
cathode and interconnect material. Because of the 
severe working conditions, chemical and the thermal 
stability are required along with adequate electronic 
conductivity, porosity and compatibility with the 
solid electrolyte. Some of the complex perovskite ox- 
ides were suggested e.g. PrCoO3, LaFeO3, LaMnO3 
and LaCoO3, their conductivity was enhanced by A 
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Fig. 5. Oxygen activity where oxygen vacancies start to form (Region Ill ) and where the perovskite LaBO3 starts to dissociate (Region 
V ) as function of  the number  of  3d electrons of  the transit ion metal ion on the B site at 1000°C. 

s~te doping of alkaline earth ions [ 10]. Ohno et al. 
[11 ] suggested Lal_xMxCoO3 perovskite com- 
pounds as promising materials for oxygen electrode 
applications since they possess semiconducting char- 
acteristics at lower temperatures and metallic con- 
ductivity at higher temperatures. The calcium sub- 
stituted compounds are stable with regard to the 
thermal expansion whereas the strontium substi- 
tuted compounds possess metallic conductivity 
throughout the temperature range studied (for 
x>0 .3 ) .  To date the most satisfactory and widely 
used material as SOFC cathode is strontium doped 
LaMnO3 in which the electronic charge is provided 
by creating Mn 4+ and the ionic component attrib- 
uted to oxygen vacancies [ 12 ]. Intensive research on 
this material has been conducted in our laboratories. 
A review of its defect chemistry is given by Anderson 
et al. [8] and its properties clearly outlined [13]. 
The thermal expansion is shown in table 2. A 10-20 
m/o  strontium doped LaMnO3 with total conduc- 
tivity of ~ 110 S/cm at 1000°C appears to satisfy 
fuel cell requirements [ 2 ]. Priestnall and Steele [ 14 ] 
have recently suggested the use of strontium doped 

Table 2 
Thermal  expansion of  Lao.9 9_ ~SrxMnO3 ( 25 to 1100 ° C ) [ 13 ]. 

Composit ion ( x 1 O- 6 / - C ) 

Lao.99Mn03 1 1.2 + 0.3 
Lao.94Sro.osMnO 3 1 1.7 
Lao.89Sro. 1 oMnO3 12.0 
Lao.vgSro,2oMnO3 12.4 
La0.69Sro,3oMnO3 12.8 

lanthanum copper oxides. Cobalt bronzes e.g. 
NaxCoO2 are also applied as electrode materials in 
electrochemical cells operating on the basis of inter- 
calation of alkali ions. These compounds exhibit high 
ionic conductivity and also appreciable electronic 
conductivity (mixed conductors) due to direct over- 
lap of the 3 d-orbitals of the layered C006 octahedra. 
Stoklosa et al. [ 15 ] suggested te presence of oxygen 
defects in the cobalt sublattice and that Co 3+ is pres- 
ent on substitutional sodium sites. 

The importance of mixed conducting double ox- 
ides appears to be clearly emphasized in their ap- 
plication as SOFC cathodes where the charge trans- 
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fer reaction [~O2 (gas) +2e  (e lec t rode)=O 2- 
(electrolyte) ] would occur over the entire electrode 
surface when the electrons and ions are mobile rather 
than having this reaction restricted to the gas-elec- 
trode-electrolyte interface (electronic conductors 
only). Thus polarization losses at the electrode/elec- 
trolyte interface will be reduced significantly due to 
the large increase in charge transfer reaction area. 
Mixed conductivity was reported in the system Y 2 0 3 -  

stabilized ZrO2-TiO2 solid solutions [ 16] whereby 
the dissolution of TiO2 significantly increased the 
percentage of electronic conductivity in this oxygen 
ion conductor. The results indicate that this material 
may be attractive for electrode applications in SOFC. 
Alteration of the extent of ionic and electronic com- 
ponents may also occur by dispersion of oxide par- 
ticles rather than by substitutional doping [ 17,18 ]. 
The range of ionic conductivity may be altered de- 
pending on the dopant. Arai et al. [ 19] found that 
in CaO doped CeO2, the ionic conductivity was ex- 
tended to lower Po2 as the dopant content increased. 
Ideally, (for optimum cell performance); the same 
oxide should be used as electrolyte and electrode; this 
can only be achieved by controlling both ionic and 
electronic components through appropriate doping. 
Research is currently being directed towards this goal, 
however, ZrO2 and LaMnO3 are still being used for 
the electrolyte and cathode respectively in SOFC's. 

The most significant interconnect material is doped 
LaCrO3 where electronic compensation occurs by 
Cr 4+ formation at high oxygen activities and ionic 
compensation occurs by Vo formation at low oxygen 
activities [ 5,6 ]. Due to its stability against reduction 
in the fuel side of the cell LaCrO3 is the oxide of 
choice. Several other oxides such as YCrO3 are being 
considered, but none have had the success of  La- 
CrO3. There are two major problems with the use of 
LaCrO3: (1) Thermal expansion mismatch with 
ZrO2, (2) poor sinterability in oxidizing conditions. 
The thermal expansion mismatch is tractable through 
alteration of the composition (see tables 3 and 4). 

The sintering problem is much more serious. 
[Studies within our group have shown that.] La- 
CrO3 is difficult to sinter in air at temperatures low 
enough to be compatible with the other SOFC com- 
ponents. Typically, the sintering of LaCrO3 involves 
temperatures as high as 1775°C and oxygen activi- 
ties in the 10 -~2 to 10 - 9  range [20]. For practical 

Table 3 

Thermal expansion coefficients of  Mg and Sr-doped Lao.99CrO 3 a ~. 

Compounds Thermal expansion 
coefficient 
( ×  10-6/~C) b~ 

Lao.99Cr03 9.4 
Lao 99Cro.98 Mgo o203 9.4 
Lao 99Cro.~sMgo.os03 9.5 
Lao.~gCro.9oMg~).,003 9.4 
Lao.99Cro.ssMgo.~503 9.5 

Lao oTSro o2Cr0 3 10.2 
Lao 94Sro osCrO 3 10.8 
Lao.89Sro.~oCrO3 I 0.7 
Lao 84Sro. ~ 5CRO3 10.8 
Lao.?gSro 2oCr03 1 I. 1 

YSZ 10.3 

a) After ref. [13] 
b) Temperature range from 350 to 1000°C 

Table 4 
Thermal expansion coefficient (TEC) 
of dopants between 25-1100~C. 

of LaCr03 as a function 

Dopant TEC ( ×  10 6/°C)  al 

LaCrO3 9.5 
10 % Mg-LaCrO3 9.5 
2%Sr 10.2 
10%Co 13.1 
20% Co 13.6 
30% Co l 5.9 
10Co, 10Ca 12.3 
10 Co, 20 Ca 11.1 
10 Co, 30 Ca 10.4 
YSZ 10.3 

a) 5% standard deviation. 

applications under such extreme conditions its fab- 
rication is both uneconomical and detrimental to 
other components which may have to be co-sintered 
with LaCrO3. Thus, it would be desirable to process 
LaCrO3 at lower temperature in an air atmosphere. 

A number of investigators have and are addressing 
this sintering problem. I will not try to discuss them 
all. The work by Meadowcrofi [21 ] showed that the 
sintered density of Lao.84Sro ~6CrO3 increased when 
excess Sr was added in the form of SrCO3 before sin- 
tering. The maximum beneficial effect was observed 
when 4-6 tool% SrCO3 was added. This was prob- 
ably due to the formation of S r C r O  3 at intermediate 
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temperatures followed by melting and liquid-phase 
sintering. Flandermeyer et al. [22] used low melting 
oxide eutectics as well as La, Y and Mg fluorides up 
to 8-10 wt% to increase density of sintered compacts. 

More recent studies by our group have shown that 
powder from the Lal_ ~Ca,+Cr~ ,+Co,.O3 system with 
0. l < x <  0.3 and 0.1 <3,<0.25 can be densified in air 
at temperatures < 1400°C by the presence of a tran- 
sient liquid [23]. this work is still in progress. Yo- 
kokawa and co-workers at the Tsukuba Research 
Center [24] in Japan have also been intensely study- 
ing this problem. 

3.2. Oxygen separation membranes 

Stringent requirements are imposed on these 
membranes for oxygen pumping devices. They are 
expected to have an optimum range of mixed con- 
ductivity, high degree of oxygen nonstoichiometry, 
structural stability and TEC compatibility through- 
out a wide range of oxygen activity. Sr doped La- 
CoO3 used as oxygen electrode [25] in SOFC's has 
been suggested for this application. Makor et al. [26] 
reported that Lao.s4Sro.16CoO 3 possesses ionic con- 
ductivity an order of magnitude higher than YSZ and 
its electronic conductivity is at least ten folds higher 
than that of strontium-doped LaMnO3. However, the 
observed increase in conductivity was associated with 
a substantial increase in the thermal expansion coef- 
ficient. Moreover, cobaltites are not stable in the re- 
ducing gas environment. Other systems with lower 
cobalt content have been suggested. The 
ka~_,M,Mnl_~Co~O3 ( M : C a  or Sr) system is 
known for its high ionic and electronic conductivity 
as well as its electrocatalytic activity [27]. The 
Lat_ ,+St,Cot _,,Fe,.O3_~ system is also found to be at- 
tractive for oxygen delivery applications [ 11 ], an in- 
creased oxygen flux in this system was correlated to 
the extent of mixed conductivity. Several problems 
need to be addressed before significant applications 
are evolved. For example, the stability of these ox- 
ides towards reduction at the anode is a serious 
problem. As was mentioned earlier, the best mixed 
conductors contain cobalt which reduces easily. Thus 
structural integrity is a serious problem. Another 
problem is thermal expansion. Most of the mixed 
conductors have thermal expansion coefficients 
which exceed 15× 10 6/°C. These are so high that 

before thermal and structural stability can be 
achieved they must be altered to lower values. There 
are a number of studies currently being conducted in 
this area. It appears that materials in this area have 
a bright future. 

4. Conclusions 

(i) p-type perovskite oxides do satisfy many of the 
requirements for SOFC and oxygen separation 
membranes. 

(ii) LaCrO3 is satisfactory for an interconnect in 
the SOFC, however, fabrication presents a problem. 
There is a need for an oxide which can be cobalt-sin- 
tered with the other cell components. 

(iii) LaMnO~ is satisfactory as a cathode for the 
SOFC, however, an oxide which is more stable to- 
wards reduction and has an ionic transport number 
greater than 0.001 would be useful. 

(iv) Mixed ionic conductors have potential as ox- 
ygen separation membranes. The precise composi- 
tions are application driven and have not been fully 
developed. 
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