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Abstract 

The kinetics of the conversion of monazite type LaCrO, to perovskite type LaCrO, have 
been investigated by isothermal TG. The kinetics are dependent on the partial oxygen 
pressure and the conversion reaction is clearly suppressed with increase of pressure. The 
appropriate model functions for the kinetics are determinid based on the Avrami-Erofe’ev 
equation. In nitrogen, the rate determining step is a three-dimensional phase-boundary 
reaction (R,(a) function) and the activation energy E, is estimated to be about 198 kJ mol-‘. 
In oxygen, three-dimensional diffusion of oxygen through the LaCrO, layer is the rate 
determining step (L&(a) Jander function) with E, of about 506 kJ mol-‘. For the latter case 
deoxygenation might proceed via an intermediate state in which oxygen adsorbs on the 
LaCrO, surface. 
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1. Introduction 

Synthesis of perovskite type LaCrO, has been investigated for the application to 
separator or interconnector materials in solid oxide fuel cells [l-6]. Mostly the 
starting materials were La( III) -Cr( III) compounds, although a few investigators 
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used the La(III)-Cr(V1) system [7,8]. When the precursor prepared from La(III) - 
Cr(VI) solutions was pyrolyzed under appropriate conditions, a single phase of 
monazite type LaCrO, containing Cr(V) was formed as an intermediate. By further 
pyrolysis it decomposed to LaCrO, and the pyrolytic reaction was affected by the 
partial oxygen pressure in the atmosphere [8]. Although the preparation and 
characterization of LaCrO, have been reported [9-121, the decomposition mecha- 
nism to LaCrO, is not reported. 

In the present work, the kinetics of the reaction 

LaCrO,( monoclinic) -+ LaCrO, (orthorhombic) + 0.50, 

have been studied by isothermal TG. 

(1) 

2. Experimental 

2.1. Preparation of LaCrO, 

The compound LaCrO, was formed by pyrolysis of a La(II1) -Cr(VI) precursor 
at 600°C in air for 1 h; the precursor was prepared by vacuum condensation of an 
equimolar solution of La(CH,COO), 1.5H,O (guaranteed reagent, Kanto Chemi- 
cal Co., Ltd.) and CrO, (guaranteed reagent, Kanto Chemical Co., Ltd.) at 70°C 
with a rotary evaporator (RE-111, Shibata Co., Ltd.), followed by heat treatment 
at 400°C in air. Details have been reported elsewhere [8]. The LaCrO, formed was 
confirmed to be a single phase by X-ray diffraction (XRD) (ME-412C, Toshiba 
Co., Ltd.) using Cu Kcc radiation and by chemical analysis after dissolving in 0.1 M 
HNO, (complexometric titration for lanthanum) or in 2 M H,SO, (modified 
diphenylcarbazide method [ 131 for chromium). 

2.2. Isothermul TG 

The isothermal TG measurements were carried out with TG-DTA 2000 (Mac 
Science Co., Ltd.). A typical temperature program and TG curve are shown in Fig. 
1. About 3 mg of the sample was heated in a stream of N,, air or O2 ( 100 cm3 
min-‘) with an infrared image furnace at 30 K s’ from room temperature to the 
pre-heating temperature, T,,, , which was 130- 160 K below the lowest reaction 
temperature, and held for 20 min. Then the sample was heated further at the same 
heating rate to the programmed reaction temperature, T,,,,, and the TG measure- 
ment was performed isothermally. Reaction time t,,,, counting commenced when 
the sample temperature reached T,,,,. The reaction period (holding time) was 60 
min. The fraction reacted a was calculated from measured mass loss Am. 

2.3. Morphologies 

Morphologies of LaCrO, and LaCrO, powder were observed by scanning 
electron microscopy (SEM) (S-4000, Hitachi Co., Ltd.; 15 keV). The LaCrO, 
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Fig. 1. Typical temperature program and measured TG curve: sample mass, 2.81 mg; heating rate, 30 
K s-l; T pre> 580°C; Tr,,,, 725°C; atmosphere, 0, (100 cm3 min-I). 

sample was as-prepared, and LaCrO, was formed by the pyrolysis of this LaCrO, 
at 650°C for 1 h in a stream of N,. Powder samples were dispersed ultrasonically 
in ethanol and mounted on glass plates. After evaporation of ethanol, they were 
coated with gold by d.c. sputtering (SPM-112, Neva Co., Ltd.; Ar 20 Pa, 1.2 kV, 
10 mA, 1 min). 

3. Results and discussion 

An example of a measured TG curve is shown in Fig. 1. The rapid decrease 
followed by gradual increase of sample mass observed in the initial period of 
pre-heating arises from buoyancy which is unavoidable with the instrument used: 
the same behavior was observed during the blank tests using an Al,O, sample. In 
order to avoid the heat-transfer effects on the sample powder, the sample mass was 
taken to be small (ca. 3 mg). Reproducibility of the measured Am was in the 
approximate range * 5%. 

The decomposition reaction of LaCrO, is considered to be composed of the 
following four elementary reactions: (i) nucleation and growth of LaCrO,; (ii) a 
phase-boundary reaction between LaCrO, and LaCrO,; (iii) diffusion of oxygen 
species through the LaCrO, layer; and (iv) evolution of 0, gas. Analysis of the 
kinetic data was carried out using a method which was proposed by Hancock and 



Values of m for solid state reaction rate equations [ 151 

Function Equation 

D, (0~) u==kt 

D,(r) ( 1 - x) In( 1 - x) + z = kc 

D-i(r) [I -(I -x)“3]z=kt 

D,(r) (1 - 2/3u) - ( 1 - c()~‘~ = kt 

F,‘(r) -In(l -CC) =kr 

Ma) l-(l-r)“‘=kt 

R,(x) 1 -(I -u)“3=kt 
Zero order (x =kt 

A,(r) [-ln(l -a)]“‘=kt 

A,(r) [-ln(1 -u)]“3=kt 

“In[-ln(1 -a)] =In B+m In t. 

m” 

0.62 
0.57 
0.54 
0.57 
1 .oo 
1.11 
1.07 
1.24 
2.00 
3.00 

Sharp [ 141 based on the Avrami-Erofe’ev [ 15, 161 (or Johnson-Mehl [ 171) equation 

CI = 1 - exp( --BP) (2a) 

or 

In[-ln(1 -a)] =lnB+m In t (2b) 

where x is a fraction reacted, B is a constant which depends on the nucleation 
frequency and linear rate of grain growth, and m is a constant that can vary 
according to the geometry of the system. In this method there are tenf(a) functions 
which are classified into three groups as shown in Table 1: ( 1) diffusion controlled 
models (0, (LX) to D4(a)), (2) nucleation growth controlled models (F, (CC), AT(z) and 
A3(~)), (3) phase-boundary controlled models (&(a) and R3(cz)). These groups are 
identified by the value of m as can be seen in Table 1. Fig. 2(a)-(c) shows the plots 
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Fig. 2. Plots of In[ -ln( 1 - E)] against In t in the range 0.25 -C r < 0.95 at different temperatures: (a) NZ; 
(b) air; (c) O2 (100 cm3 min-‘). 

of ln[ -ln( 1 - c()] against In t in the range of 0.25 -C cx < 0.95. The plots are almost 
linear with average m values of about 1.3 for N2, 0.78 for air, and 0.68 for 02. 
These m values suggest that the kinetics in N, are explained by the nucleation 
growth controlled model (F, (a)), phase-boundary controlled models (R,(X) and 
R3(m)), or the zero order model, and in 0, by diffusion controlled models (D,(a)- 
D4(01)). There was no single model applicable to air, so that the decomposition in air 
may proceed by mixed models. 
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Fig. 3(a,b). 
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In order to find the most appropriate kinetic function, linear fitting of the data 
to each function was attempted. As found from Fig. 3(a) -(d), the data in N, fitted 
to F,(a), R,(a) and R,(a) functions fairly well. In the range of 0.25 < c( < 0.95, 
however, the three-dimensional phase-boundary controlled model R,(a) showed 
better linearity than F,(a) and R2(a). This suggests that the shell of products covers 
the reactant particles and the phase-boundary reaction is the rate determining step, 
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Fig. 3. Linear fittings of model functions for a N, atmosphere for data in Fig. 2(a) : (a) F, (r); (b) R2( ct); 
(c) R3(ct); (d) zero order. 

where boundary area decreases with the progress of reaction. The data in O2 
showed the best fitting to the I&(a) Jander function as can be seen in Fig. 4(c), 
which implies that the spherical particles are covered with a dense product layer and 
diffusion of a species through the layer is the rate determining step. In the present 
case, the diffusion species is presumed to be oxygen; accordingly it is expected that 
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Fig. 4(a,b). 
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the partial oxygen pressure of the atmosphere PO, will strongly affect the rate of 
deoxygenation. Fig. 5 shows the XRD patterns of the products formed by pyroly- 
sis under different values of PO2 at 650°C for 1 h. With increasing PO, the 
intensity of the largest (112) peak of LaCrO, decreases, while the (120) peak of 
LaCrO, increases, indicating that the oxygen suppresses the deoxygenation of 
LaCrO,. 
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Fig. 4. Linear fittings of model functions for an Oz atmosphere for data in Fig. 2(c): (a) D,(a); (b) 

&(x); (c) D,(x); (d) D‘?(a). 

Fig. 6 shows the morphologies of as-prepared LaCrO, and LaCrO, obtained 
after the isothermal TG measurements at 650°C in N,. For LaCrO,, some 
parallelogram-shaped crystals and many random shaped aggregates were observed 
on the macroscopic scale. They consist of spherical and ellipsoidal particles with 
diameters of 100-200 nm. The primary particles of LaCrO, also have similar 
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Fig. 5. XRD patterns of products formed by the pyrolysis of LaCrO, at 65O’C for 1 h under different 
PO2 values. 
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Fig. 6. SEM photographs of LaCrO, and LaCrO, powders. LaCrO, sample was as-prepared, and 
LaCrO, was formed after isothermal TG measurements at 650°C in N,. 

shapes and diameters to LaCrO,. No cracks or gaps were observed on the surface 
of LaCrO, particles and they looked dense. The molecular volume and theoretical 
density of LaCrO, were 82.30 A’ molecule-’ and 5.15 g cmm3 respectively, and 
those of LaCrO, were 58.58 A’ molecule-’ and 6.77 g cmPi respectively. Therefore, 
deoxygenation of LaCrO, causes about 30% decrease of molecular volume, but it 
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Fig. 7. Arrhenius plots of deoxygenation: (a) for R,(r) function in N,; (b) for the D,(a) Jander function 
in 0,. 

corresponds to only a 10% decrease in diameter in the case of spherical particles. It 
is likely that a marked contraction of the particles was not recognized in the SEM 
observation. These results suggest that the D,(a) Jander model for deoxygenation 
kinetics cannot be rejected. 

Rate constants at each temperature were determined from the slope of lines for 
the R3(u) and D3(c() Jander function. Fig. 7 shows the Arrhenius plots and 
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activation energies for the deoxygenations. The Ea value in 0, (506 kJ mall’) is 
much larger than that in N,. The value seems too large for a simple diffusion 
model, and it might suggest that the deoxygenation in 0, proceeds via an interme- 
diate state; for instance, oxygen species adsorbed on the LaCrO, surface prior to 0, 
evolution. 
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