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Defect Structure of Mg-Doped LaCr03 Model and 
Thermogravimetric Measurements 

B. K. FLANDERMEYER: M. M. NASRALLAH:>* A. K. AGARWAL; and H. U. ANDERSON* 

Department of Ceramic Engineering, University of Missouri-Rolla, Rolla, Missouri 65401 

Chemical stability and cation stoichiometry determine the ap- 
plicability of LaCr03 as a high-temperature oxide electrode. A 
model for the behavior of acceptor-doped LaCrO, as a function 
of oxygen activity is proposed. The model is in agreement with 
experimental data on Mg-doped LaCrO,. Stability regimes 
and compensation mechanisms at various oxygen activities and 
temperature are presented. 

I. Introduction 

ATERIALS with high electrical conductivity which can be used M in corrosive environments as well as at elevated tempera- 
tures have been in great demand over the past several years. As a 
result of their high melting points and high electronic conductivity, 
rare earth chromites have been quite attractive for such an applica- 
tion. One of the promising candidate materials is LaCrO,, which 
satisfies many of the high-temperature electrode requirements for 
magnetohydrodynamic (MHD) power generators and fuel cells. 
However, volatilization and possibly corrosion impose certain 
limitations on the use of LaCrO,. Several  investigation^'-^ have 
been reported relating the role of chemical composition and ca- 
tion stoichiometry to volatilization and electrical conductivity of 
LaCrO,. These studies showed that materials such as LaCrO, and 
MgCr204 meet many of the requirements, except volatilization and 
chemical stability at the operating temperatures. For such applica- 
tions, the required stability of properties over a wide oxygen- 
activity range at temperatures to 170O0C, as well as the necessity 
of fabrication into nonporous structures, demand a thorough under- 
standing of the behavior of these materials. For example, due to 
grain growth, densification of high Cr-content compounds, such as 
LaCrO,, is very difficult under ambient atmospheric conditions I 
However, control of the oxygen activity near that specified by the 
Cr/Cr203 phase boundary suppresses grain growth and allows 
maximum densification to In another study it was found 
that the volatilization of LaCrO, at temperatures above 1600°C 
could be substantially reduced by the substitution of about 10% of 
Cr by Al with little degradation of other properties such as elec- 
trical condu~tivi ty .~.~ 

The electrical conductivity in LaCr03 is essentially due to the 3d 
band of the Cr ions.8 Thus, electronic conductivity can be enhanced 
by substituting a lower-valence ion on either the La or Cr sites, 
with the formation of Cr“’. However, if such substitution is com- 
pensated by the formation of oxygen vacancies no additional 
contribution to the electronic conductivity will be anticipated. 
Whether such a substitution will favor either electronic or ionic 
compensation will depend on the conditions under which equili- 
bration of LaCrO, takes place. Even though densification requires 
a reducing atmosphere, the conductivity can be appreciably in- 
creased by subsequent equilibration in an oxidizing atmosphere. 
Meadowcroft’ observed a three-orders-of-magnitude increase in 
conductivity of La, --x Sr,CrO, after equilibration in an oxidizing 
atmosphere. However, equilibration in a reducing atmosphere 
caused an appreciable increase in the resistivity. Faber et u L . ~  
suggested that La,, *“SrO 16Cr03 is a p-type conductor and its 
conductivity arises from the presence of multivalent Cr ions due 
to Sr doping. Anderson et a1.“ reported that substitution of an iso- 
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valent ion, e.g., A13+ in LaCrO,, increases the thermal expansion 
coefficient, decreases the electrical conductivity, and suppresses 
the orthorhombic-rhombohedra1 transformation, whereas alio- 
valent substitutions, e.g., Mg2+, cause an appreciable increase in 
the electrical conductivity. Earlier studies” on undoped LaCrO, 
indicate that it is a p-type oxide and becomes nonstoichiometric 
through the formation of cation vacancies. 

For a better understanding of the behavior of LaCrO,, the re- 
lationship between its electrical conductivity, oxidation-reduction 
kinetics, defect structure, and temperature, at various oxygen ac- 
tivities and dopant levels, need to be determined. Such parameters 
are essential in order to construct a Kroger-Vink-type diagram 
showing the stability regimes of LaCrO,. In this study several 
Mg-doped LaCrO, compounds were prepared and their properties 
determined and related to the proposed defect structure model. 

11. Proposed Defect Structure 

For simplicity, it will be assumed that p-type disorder prevails in 
nonstoichiometric LaCrO,, all defects are fully ionized, and the 
large cation-to-small cation ratio is unity. Furthermore, it is as- 
sumed that the acceptor dopant, Mg”, substitutes for Cr3+ on a 
normal lattice site. Using Kroger-Vink notation,” the Schottky 
reaction for this compound is expressed by 

( 1 )  nil % VLa + Vzr + 3VO 

and the equilibrium constant is 

From our assumption, the cation stoichiometry must remain 
constant unless a second phase has exsolved. Therefore, 
[VgJ = [Vra] throughout the entire single-phase region. The 
p-type nonstoichiometric reaction is given by 

The equilibrium constant for this reaction is 

K3 = [Vzr]2[p]6P,:’2 

= exp( - AG,/RT) 
(4) 

where AG, is the Gibbs free energy for Eq. (3). When doped, the 
acceptor impurity, Mg&, will possess one effective negative charge 
which can be compensated for either by a Cr” + Cr“’ transition 
or by the formation of oxygen vacancies. This leads to the follow- 
ing electrical neutrality condition 

2[VJ + p = 6[V’&:] + [Mg;l,l ( 5 )  

At high oxygen activity, assuming that both [VO] and [V&] are 
smaller than the impurity content, the neutrality condition becomes 

p = [Mg&l 

and from Eqs. (4) and (2) 

and 
[v;] = (5) 113 [Mg&I2PO:’* 

respectively. 

(7) 
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temperature for LaCQ doped with 10 mol% MgO. 
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Fig. 2. Effect of dopant on oxygen deficit at varied P,,s and 1304°C. 

At low oxygen activities, oxygen may be lost and ionic compen- 
sation may take place through the formation of oxygen vacancies. 
In this case the neutrality condition becomes 

P = [Mg&I - 2 [ V 4  

This condition can be expressed by 

+ $02 

or 

0, + 2Crc, 2Crcr + v" + $0, (9) 
where y is the amount of dopant and x is the concentration of 
oxygen vacancies. 

The equilibrium constant for reaction (9) can be expressed 
as either 

or 

The mass action then becomes 

K9 = exp[-(AG, - AGJ/3RT] 

where AGs = free energy for formation of Schottky defects, 
AG, is free energy for formation of cation vacancies, and 
(AGT - AG,)/3 is free energy for formation of one mole of V, in 
acceptor-doped LaCrO,. 

Equation (10) can be solved to yield 

Pg; 
2~ = y - -[(8yK,P,:'* + 1)'" - 13 

4K9 

Now the electrical conductivity ~7 is given by 

u = epp 

where e is the electron charge, p the mobility, and p the concen- 
tration of carriers which, from the model, is equal to y - 2x. Thus 
Eq. (11) can be rearranged to give 

 15512916, 1984, 3, D
ow

nloaded from
 https://ceram

ics.onlinelibrary.w
iley.com

/doi/10.1111/j.1151-2916.1984.tb19741.x by M
issouri U

niversity O
f Science, W

iley O
nline L

ibrary on [14/07/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



March 1984 Defect Structure of Mg-Doped LaCrO, Model and Thermogravimetric Measurements 197 

At the high-Poz limit, Eq. (11) reduces to x = 0 and Eq. (12) 
reduces to u = epy, whereas in the low-Po, regime the respective 
equations are reduced to: 

and 

In this Poz limit, the acceptors become compensated by oxygen 
vacancies and [Mg;,] = 2[V&]. Thus, it is anticipated that u will 
decrease with decreasing Poz as Pg:, as the electrical compensation 
changes from electronic to ionic. 

Thermogravimetric and electrical-conductivity measurements as 
a function of Poz and temperature are used to evaluate theequi- 
librium constants so that diagrams showing the predominant de- 
fects under various thermal and oxygen activity conditions can be 
constructed. This allows the behavior of the electrical conductivity 
of LaCr03 to be predicted under variable oxidizing and reducing 
conditions. In this paper, analysis of the thermogravimetric data 
and their correlation to the model is presented. Electrical conduc- 
tivity results and resulting stability diagrams are the subjects of a 
later publication. 

111. Experimental Procedure 

A series of Mg-doped LaCrO, compositions were prepared by 
the liquid-mix p r o c e ~ s . ' ~  The La/(Mg + Cr) ratio was maintained 
at unity as the Mg content varied from 0 to 20 mol%. Weight- 
change experiments were conducted using a thermogravimetric 
apparatus which is designed to measure weight changes on 50- to 
80-g samples to an accuracy of + I  mg moles) in oxygen 
activities ranging from lo-'' to lo5 Pa and at temperatures up to 
1450°C. The furnace temperature was controlled to 2 1°C. Details 
of the TG apparatus have been given e1se~here . l~  The oxygen 
activity was maintained by flowing gas mixtures of either N2/02 
or COz/H2/N2, which were monitored by a calibrated ZrOz oxy- 
gen sensor. 

IV. Results and Discussion 

The amount of oxygen deficiency for samples equilibrated as a 
function of oxygen-activity temperature and acceptor dopant was 
determined by TG measurements. As an example of these mea- 
surements, data for LaMg, loCro equilibrated at T = 1016" to 
1368°C are presented in Fig. 1. The solid lines are computed from 
the equilibrium constant expression, Eq. (ll),  using the best fit of 
the experimental data. The results indicate a good agreement be- 
tween the experimental data and the proposed defect-structure 
model. Furthermore, the figure shows that the oxygen activity at 
which maximum nonstoichiometry occurs shifts to lower values as 
the temperature is decreased from 1368" to 1016°C. 

The dependence of oxygen deficiency on dopant concentration 
and Poz is illustrated in Fig. 2 for data obtained at 1300°C. This 
figure shows that the degree of nonstoichiometry increases as the 
amount of dopant increases at any given oxygen activity. As a 
verification of the model, the concentration of oxygen vacancies at 
any given oxygen activity, within the region where oxygen- 
vacancy compensation is expected to prevail, was found to be a 
linear function of [Mg]', as predicted by Eq. (7). 

The carrier concentration for samples doped with increasing Mg 
content at 1300°C was calculated from TG data and plotted in 
Fig. 3 as a function of Poz. In agreement with Eq. (13), the relative 
carrier concentration appears to have a one-fourth power de- 
pendence on the oxygen activity in the region where oxygen com- 
pensation is expected (1O-Ioto Pa). The figure also indicates 
that the transition from ionic to electronic compensation occurs at 
relatively higher Poz as the Mg content increases, as expected from 
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Fig. 3. 
at 1300°C (measured by TG). 
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Fig. 4. 
perature for LaCr03 doped with 5 mol% Mg (measured by Td).  

Relative carrier concentration as a function of Po and tem- 

the model. The effect of temperature on the carrier concentration 
is shown in Fig. 4, in which the carrier concentration is plotted as 
a function of Poz for a constant (5 mol% Mg) dopant concen- 
tration. In the ionic compensation region, the carrier concentration 
appears to be in agreement with the oxygen-activity dependence 
proposed by the model within the temperature range investigated 
(1000" to 1350°C). As expected, the figure further indicates that, 
in the intermediate Poz range, where electronic compensation 
predominates, the carrier concentration is independent of both 
temperature and Poz. The transition from Poz dependence to inde- 
pendence shifts to higher oxygen activities as the temperature of 
equilibration increases from 1OOO" to 1350°C. A plot of log carrier 
concentration as a function of Ppb/l is expected to be linear in the 
region where ionic compensation is predominant. This is illustrated 
in Fig. 5 for 5 mol%-doped LaCrO, equilibrated at T = 1000" 
to 14OO0C., 

The equilibrium constant K9 was calculated from TG data as a 
function of temperature and dopant concentration. The values ob- 
tained for samples doped with 2, 5, and 10 mol% Mg are repre- 
sented in Fig. 6 in the form of an Arrhenius plot of log K vs 
reciprocal of absolute temperature. The enthalpy of the reaction, 
A H ,  was obtained from the slope of the Arrhenius plot and was 
found to be 272 2 16 kJ/mol. Within the limits of experimental 
error, AH showed no significant changes as the dopant concen- 
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Fig. 6. Arrhenius plot of log K vs 1/T, showing effect of dopant. 

tration increased from 2 to 10 mol%. The free energy of formation 
of oxygen vacancies, AG, was accordingly represented by the 
general expression AG = [(272 * 16) - 0.08TI kJ/mol. The 
calculated AG values ranged from ~ 1 6 9  to 136 kJ/mol at 
T = 1287 to 1640 K, respectively. On the other hand, the sample 
doped with 20 mol% Mg exhibited a behavior which is slightly 
different than that observed for lower dopant compositions, with a 
relatively lower AG value compared to those previously obtained. 
It is, therefore, concluded that AG is independent of composition 
up to 10 mol% Mg and shows a composition dependence beyond 
this dopant level. This suggests the exsolution of a second phase 
between 10 to 20 mol% MgO. Previous work15 indicates that the 
solubility limit of Mg in LaCr03 is about 15%. 

An additional confirmation for the validity of the model is rep- 
resented in Fig. 7 where y - 2x is plotted as a function of [Mg]”’. 
For such a plot, Eq. (13) predicts a linear relationship at any given 
temperature and oxygen activity. This relationship is observed in 
Fig. 7 for compositions up to 10 mol% Mg. The deviation of the 
20 mol% Mg-doped samples from linearity is probably due to the 
previously mentioned composition dependence where a second 
phase is exsolved. It is also of interest to note that extrapolation of 
the data in Fig. 7 to zero dopant concentration does not pass 
through the origin of the plot. In other words, even in the 
“Mg-free” LaCrO, sample, a residual acceptor dopant is present. 
Neutron activation analysis indicates that the level of acceptor 
impurities, such as Fe, Ca, and Cu, is sufficient to account for the 
observed nonzero extrapolation. 
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Fig. 7. Carrier concentration vs [Mg]’” a t  P a  and 1300°C 

V. Conclusions 

The data obtained from TG experiments support the proposed 
defect model for the oxidation-reduction behavior of acceptor- 
doped LaCrO,. Both the TG data and proposed model indicate 
that at high Po, electronic compensation occurs by a Cr3+ + Cr“’ 
transition, whereas ionic compensation takes place at lower Poz by 
the formation of oxygen vacancies. The oxygen activity at which 
electronic compensation shifts to ionic is both acceptor-dopant and 
temperature-dependent . The general behavior is that the transition 
shifts to higher oxygen activity as the temperature or the concen- 
tration of acceptor dopant increases. 

The calculated data on free energy of formation showed no 
composition dependence doping up to 10 mol% Mg. For higher 
acceptor-dopant concentrations a composition dependence was 
observed. 
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