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Abstract

A defect chemical model for the behaviour of acceptor-doped
LaCrO; as a function of oxygen pressure is proposed. This is
considered within the regime that corresponds to oxygen deficit
oxygen. The mathematical approach allows us to calculate the oxygen
partial pressure dependant properties of LaCr; Mg,Os;;5 in the
value(x= 0.05, 0.1, 0.2). The results show that the conductivity was
independent of pO, and was proportional to the dopant concentration
at high pO,. Therefore, under reducing conditions, the conductivity
decreased exponentially with decreasing pO, and asymptotically
approached a pO,"* relationship
Stability regimes and compensation mechanisms at various oxygen
partial pressures and temperatures are proposed. This model also
examines the charge compensation mechanisms that dominate under
the different regimes and their implications for transport properties.
From equilibrium constants, thermodynamic quantities such as
standard enthalpy and entropy change for the defect formation
reactions were calculated.
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1. Introduction

Solid oxide fuel cells (SOFCs) are environmentally clean and
highly efficient devices used to generate electricity electrochemically.
Limited by the oxygen conductivity of the electrolyte, the most
widely studied zirconia-based SOFCs must operate at about 1000 °C.
Such high operating temperatures cause electrode reaction and other
engineering difficulties. Many efforts are still underway to find
alternative electrolytes with higher conductivity at lower
temperatures. Among these are studies that have been carried out on
bismuth based mixed oxides such Bi,O;- Ln,O; (Ln = La, Nd, Sm,
Dy, Er, Yb) ! and Bi;03-Sm,03-V,0s- MO (M = Pb, Ni, Co) % The
perovskite-type oxide solid solutions a series of La-doped SrTi0; and
Mg doped LaCr03 (O-20 at. %) compounds were prepared by the
liquid mix process’. In all cases stoichiometric A/B ratio was
maintained, i.e., (Sr + La)/Ti or La/ (Cr + Mg) = 1.

Lanthanum chromite, on the other hand, is known to be a p-type
oxide * and becomes non-stoichiometric through the formation of
cation vacancies. It is one of the promising materials for high
temperature electrode applications and fuel cell interconnects’;
however, volatilization and possibly corrosion impose certain
limitations on the use of LaCr03. Several studies have been reported °
relating its chemical stability and cation stoichiometry to
volatilization and electrical conductivity.

LaCr; Mgy M O;_s have been extensively studied due to their
potential application as an air electrode in high-temperature oxide fuel
cells, chemical sensor elements and electrodes for magneto
hydrodynamic (MHD) generators, because some of them show high
catalytic activity. Several useful properties of these perovskitetype
oxides such as electrical conductivity and electron emission are the
result of their non-stoichiometry and electronic structure. Partial
replacement of chromium by magnesium leads to increased electronic
disorder and to changes in the oxidation state of the 3d transition
metal and in the oxygen non-stoichiometry.

The properties of the perovskite-type oxide are generally quite
sensitive to oxygen deficiency and B-site composition. In spite of the
importance of oxygen non-stoichiometry, limited studies have been
performed, so far, on the non-stoichiometry and the related defect
structure of LaCr;(Mg,O;5 Anderson et al. measured the non-
stoichiometry for the LaCr; ,Mg,O;_5
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(x = 0.05, 0.1, and 0.2) as a function of temperature, T, and oxygen
partial pressure, pO’, Anderson et al. suggested that the conductivity
of LaCrooMg,0;.5 arises from the presence of multivalent Cr ions
due to Mg doping[8]. For these purposes, the conduction behaviour
under low oxygen pressures must be investigated, since if an
appreciable electronic conduction arises as a result of defect
equilibrium at low pO, its electrical conduction is determined by the
concentration of present defects in the system. Several years ago,
Spinolo et al. suggested a general mathematical method to calculate
defect concentrations but without application to actual oxides * .
Recently, Poulsen proposed a defect model for calculating defect
concentrations in proton containing perovskites'' and LCM? within a
wide range of partial pressure of oxygen.

The purpose of the present work is to establish defect model
equilibrium of LaCr; Mg, O;_;s for the value (x = 0.05, 0.10, 0.20)
using the nonstoichiometry data that were reported by Anderson et al.
[7]. The present defect model will allows us to interpret the thermo
gravimetric results in which oxygen vacancies are assumed for the
oxygen deficient condition. The relationship between the obtained
results and those of conductivity measurements [8],[12] will also be
discussed. Finally, from equilibrium constants, thermodynamic
quantities such as standard enthalpy and entropy change for the defect
formation reactions are calculated.

2. Defect Chemical Model

The defect model proposed here is considered within the regime that
corresponds to oxygen deficit oxygen. Only 1 sublattice of LaCr;.
MgxOs.5 is assumed to be defected. Reduction of this system leads to
an oxygen deficit in the oxygen sublattice. Interactions between
defects and interstitial oxygen are neglected. This model is a random
point defect model, based on the presence of 2 oxidation states of
chromium Cr (Cr*) and Cr* (Cr’") that are populated in various
proportions depending on temperature, partial pressure of oxygen and
Mg doping.

It does not take into account activity coefficients of all present
species. The oxygen non-stoichiometry assumes negative values,
which is explained by the presence of oxide ion vacancies. In the
point defect model, the oxygen vacancies are assumed to be fully
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jonized at high temperatures. In common with earlier work'®™'®, this
treatment ignores the Schottky defect equilibrium for which, in any
case, the equilibrium constant is not available.

For the treatment of point defects in this system we chose the
"Kr"oger-Vink notation"'’. We therefore define vacancies as particles
that occupy a defined site in a crystal and that may have a charge.
Sites in a crystal are the points where the atoms or the vacancies may
be. For a crystal composed of 2 kinds of atoms we have, for example,
the "cationic-sites" and the "oxygen-sites". A point, a negative charge,
marks the positive excess charge by a dash to distinguish this relative
charge from the absolute charge.

Adopting this type of notation we obtain on the whole a set of
independent equations containing the 3 concentrations of the different
species (Table 1), these are

Table 1: Different species used in this defect model with Kr”oger-Vink notation.

Cation site Anionic site
Cr (Cr' 0,"

Cr (C r3+) v,
Mg'(Mg™)

- The charge-neutrality condition leads to
2V o)+ (Cr)=Mg) (M

- The value of (Mg ') is given by the nominal B -site composition x.
That is

Mg') =x 2

Because this solid solution is an oxygen deficient type, we have

(Vo)=8 3
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From equations (1)-(3), we have:

x=28+(Cr") 4)
With decreasing pO,, (Cr °) becomes sufficiently low so that

Xx=20 (5)

Where in Kr"oger-Vink notation Mg’ and Cr’ denote, respectively, the
Mg”" and Cr*" cations on a Cr’" lattice position.

- Reaction redox leading to oxygen vacancies
O p+2Cr <>Vo+2Cr'+1/20,

Oxygen vacancies V"o are formed and Cr*" (Cr °) cations are reduced
to Cr’* (Cr") at low oxygen partial pressures.

Kox = (V"0) (CF")’ pO;"*I [(O)(Cr )] (6)

In order to maintain the fixed A/ B ratio, the following equation must
be maintained:

(Cr)+(CrH=1 (7

Kr“oger-Vink notation'” is used with La (+3) Cr (+3) O; as the
reference state.

The experimental non-stoichiometry data as a function of pO, are
fitted to equation (6) taking the equilibrium constant as a fitting

parameter.

(V "0): test value in the interval 10™'° to 0.5. The step-wise
calculation proceeds as follows:

We assume a value for (V "0)

(0%) =3~ (V7o) ®)
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From equation (7) we obtain

(Cry=1-(Cr" )

By substituting (Cr °) in equation (4) one obtains the following
expression:

(Cr)=1+28 — x (10)

If the set of concentrations are accepted, we can insert (V™,), (O*
0), (Cr') and (Cr) into equation (6) and find the oxygen partial
pressure that corresponds to the equilibrium concentrations. The
calculation is next performed for a new value of (V “o0) until all the
concentration interval of interest has been covered

3. Results and Discussion

The simulations are normally made for an interval (V o) from an
arbitrarily chosen lowest limit of 107'° up to 0.5. Solutions are
normally generated for a very wide pO, span from 10" to 1 atm.
Calculation and plotting of all concentrations at different pO, s are
carried out on a Pentium IV. The equilibrium constants used in the
following are calculated using non-stoichiometric values TG-data’.

4. Defect concentration in LaCr, . Mg,0;._s

For the comparison, we chose to present for all species and in the
same defect diagram their concentrations as a function of pO,. Figure
1 shows the defect diagram for LSC10 with all kinds of vacancies and
metal. It can be easily seen from the plot that for pO, > 10 'atm the
predominant ions are Cr*". There are no physical solutions for the set
of 3 concentrations at pO, < 10" atm where (Cr *) concentration goes
negative, i.e. all chromium is in oxidation state +3, at O total / Cr =
2.5.
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Fig: 1 Defect diagram for LCM10 at 1304°C

The relative carrier concentration for LCM10 as a function of
pressure at different temperatures is shown in Figure 2. The variation
of (Cr ) for LaCry9Mg, 03 as a function of partial pressure calculated
by H.U. Anderson et al. '® is similar to the obtained results (Figure 1)
for LCM10. In the ionic compensation charge, the carrier
concentration appears to be in agreement with pO, dependence
proposed by the model within the temperature range investigated
(1116°C , 1200°C ,1304°C,1368°C). As expected, the figure further
indicates that, in the intermediate pO, range, where electronic
compensation predominates, the carrier concentration is independent
of both temperature and pO,. The transition from pO,dependence to
independence shifts to higher oxygen partial pressure as the
temperature of equilibration increases from1116°C, 1200°C, 1304°C,
1368°C. A plot of log carrier concentration as a function of pO," is
expected to be linear in the region where ionic compensation is
predominant. Critical pO, corresponding to the reduction and the
oxidation of chromium shifted to higher pO, when the temperature
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increased. At pO, > 10" ® atm, log (Cr*") is practically constant and
equal to -1. The concentration dependence with pO, at low and high
values of partial pressure is similar to that of LCM®.
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Fig. 2: Relative carrier concentration as a function of pO, and temperature for
LCM10.

The effect of Mg content at 1304 °C on the carrier concentration
is shown in Figure 3. The relative carrier concentration appears to
have a one-fourth power dependence on pO, in the region where
oxygen compensation is expected (pO, < 107 atm). The Figure also
indicates that the transition from ionic to electronic compensation
occurs at relatively higher pO, as the Mg content increases, as
expected from the model. The calculated nonstoichiometry as a
function of pO, for LCM5, LCM10 and LCM20 at 1304°C is
presented in Figure 4. When magnesium content, at lower pO,, the
amount of oxygen non-stoichiometry reaches the limit & = (x/2) as
predicted from equation (4). This plateau corresponds to a new
stoichiometric state where all chromium is in Cr’*. Oxygen vacancy
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begins to form at 10® to 10° atm of pO,. The calculated non-
stoichiometry Isotherms are in good agreement with the reported
thermogravimetry data® and similar to those obtained for Mg doped
LaCrO;" . These results conform very well to those obtained for the
dependence of carrier concentration with pO, (Figure 3).
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Fig.3: Relative carrier concentration as a function of pO, and composition at
1304C°for LCMS5, LCM10, LCM20
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Fig. 4: Simulated oxygen nonstoichiometry at 1304°C for 3 different compositions,
LCMS, LCM10 and LCM20

The effect of temperature on oxygen non-stoichiometry of
LCMI10 is shown in Figure 5. At higher temperatures, oxygen
vacancies begin to form at higher pO, (107" to 10° atm) and their
amounts approach the constant values at lower pO, (10"atm), which
corresponds to a new stoichiometric state. In this case also, we see a
good agreement between these results and those concerning the effect
of temperature on the relative carrier concentration (Figure 2). This
behavior is the same as that was found in Mg - doped LaCrO;" .

The critical pO, range corresponding at the transition from the ionic
to the electronic compensation charge is practically the same (10 to
107 atm).
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Fig. 5: Simulated oxygen nonstoichiometry of LCM10 as a function of oxygen
partial pressure at 4 deferent temperatures.

5. Electrical Conductivity

Total conductivity is the summation of the individual
contributions from ionic and electronic carriers. Each term is a
product of the numerical value of the charge of the carrier, the relative
concentration of the carrier and the kind of mobility for that carrier.
The electron transport can be formulated as a charge transfer reaction
as follows:

Oox

2Cr +2Cr* «»2Cr*+2Cr-

sitel site2 sitel  site2

dTotal = 6e + dion (11)
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Poulsen’ has proposed an expression of total conductivity as a
function of different concentration species.

Siotal = me(Cr ) (Cr*) + mion / = 2/(0% )(V'0) (12)

Where me and m ion represent electronic and ionic mobility
respectively.

Figure 6 presents the dependence of conductivities on oxygen partial
pressure as a function of composition at 1304°C. All compositions
showed common characteristics:

e Little pO, dependence was observed in a range of high pO,
and this range narrows with increasing temperature. As
reduction proceeded, the electrical conductivity decreased
with approximately pO,"*. An abrupt decrease in electrical
conductivity occurred under high reducing conditions.

e The critical pO, shifted to higher pO, when the temperature
and / or the dopant concentration were increased.
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Fig. 6: Conductivity isotherms at 1304°C for three different compositions LCMS5,
LCM10 and LCM20

The electrical conductivity appears to have a one-fourth power
dependence on the oxygen partial pressure in the region (107 to 107
atm). The figures also indicate that the transition from ionic to
electronic compensation occurs at relatively higher pO, as the Mg
content increases, as expected from the model. The effect of
temperature on the conductivity for LCM10 is shown in Figure 7. In
the ionic compensation region, the electrical conductivity dependence
on oxygen partial pressure proposed by this model is in good
agreement with Meadowcroft's work'?. This behaviour is similar to
that observed in Mg-doped LaCrO; ' ** and LCM’. As expected, the
figure further indicates that, in the intermediate pO, range, where
electronic compensation predominates, the conductivity is
independent of both temperature and pO,. The transition from pO,
dependence to independence shifts to higher oxygen partial pressure
as the temperature of equilibration increases from (1116°C, 1200°C,
1304°C and1368°C). These results are in close agreement with the

reported conductivity measurements® 2.
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Fig. 7: Electrical conductivity of LaCr; ;Mg,Os s as a function of pO, at 4
temperatures.

The conductivity at high pO, has a weak pO, dependence, the product
(Cr ). (Cr") is constant until 10®*atm and the conductivity decreases
with an approximate slope 0 (logo) / 0 (log pO,) = 0.4. This is in
accordance with the experiments * . Andorson et al. suggested that
LaCryoMg 03.51s a p-type conductor and its conductivity arises from
the presence of multivalent Cr ions due to Mg doping®. The constant
electrical conductivity that exists in the high pO, region may be easily
understood if it is assumed that acceptors control the carrier
concentration and that the electronic compensation predominates. In
the lower pO, region, oxygen vacancies are formed and the electrical
conductivity begins to decrease due to ionic charge compensation.
The conductivity mechanism in acceptor-doped lanthanum chromites
is due, as mentioned in the literature, to small - polaron hopping
irrespective of the kinds of dopants'®*’.
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6. Thermodynamic considerations of the defect model

Some useful thermodynamic quantities such as AG°ox, the
standard free energy change, AS°ox the standard entropy and AH0x
the standard enthalpy change for the reaction of equation (6) can be
easily calculated according the following equations:

AG°0x = —RT InKox = AH0x — TAS 0ox (13)
AS°ox = -0 (AG°0x)/0T (14)
And

AH’0x = AG°0x + TAS 0x (15)

These quantities are calculated for LCM10 using the equilibrium
constants (Table 2) by the least-squares method and are shown in
Tables 3 and 4. The enthalpy of the reaction was obtained from the
slope of the Arhenius plot. The AS°ox values depend on the
composition x and are relatively close to those obtained for LaCr;.
Mg,05.5>. The slight difference from values of AH" and AS° for
the same Mg - doped LaCrO; is due to interactions between defects
that we do not take into account in the present defect model. The
changes in standard enthalpy and standard entropy show composition
dependence with acceptor-dopant. These were estimated to be - 33.63
Kcal/mol and - 17.61 cal.mol "K' for LaCryoMg( 055 . From these
results, the standard enthalpy depends strongly on composition, so the
ideal solution approximation cannot be applied to the Mg
concentration change. This behavior was also suggested for LaCr,.
Mg,0;5 by Anderson®, which is in good agreement with the non-
stoichiometry data'® %,
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Table 2. Equilibrium constants for LCM10

composition T (°C) Ko«
1016 5,09 10 7°
1200 3107
LCM10
1304 1,47 10
1368 3,15 107
LCM5 1304 8,22 107
LCM20 1304 3,88 107

Table 3. Standard enthalpy and entropy change for the formation of oxygen
vacancies.

Composition : LCM10  AH’ox (Kcal/mol)  AS°ox (cal.mol.K™)

LaCr 0.9 Mg 0.10 3.5 -33.63 -17.61

Table 4: Standard free energy change for the formation of oxygen vacancies for
LCMI0.

AG°ox = - RT Log Kk,

TEeC) T(K) AG®, = AH,, - TAS
(Kcal/mol)
1016 1289 -11,07
AS°y = - 17.61 (cal/mol.k)
1200 1473 -7,43
1304 1577 -5,78 AH®,, = - 33.63 (kcal/mol)
1368 1641 -4,93
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7. Conclusion

The data obtained from TG experiments support the proposed
defect model for the oxidation behavior of acceptor-doped LaCrOs.
This defect model indicates that at high pO, electronic compensation
occurs by a transition of Cr’* to Cr*", whereas ionic compensation
takes place at lower pO, by the formation of oxygen vacancies. The
oxygen partial pressure at which electronic compensation shifts to
ionic is both acceptor dopant and temperature dependent. The general
behaviour is that the transition shifts to higher oxygen partial pressure
as the temperature or the concentration of acceptor-dopant increases.
The phase stability of Mg-doped LaCrO; against reduction was
shifted to higher pO, when the temperature and / or Mg—dopant
concentrations increased. The changes in standard enthalpy and
standard entropy show composition dependence with acceptor-
dopant. They were estimated to be - 33.63 Kcal/mol, -
17.61cal.mol ".K ' for LaCr 0oMg o1 O35 .
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