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The crystal structure refinement of LaFe Ni,_,O; (0 <x
< 1) solid solutions was determined and analyzed by means of
Rietveld refinement from X-ray powder diffraction data. The
solid solutions with 0 < x < 0.5 are isostructural with LaNiO,
and crystallize in the rhombohedral system, space group R3c,
while those with composition 0.5 < x < 1 are isoestructural with
LaFeOQ; and crystallize in the orthorhombic system, space group
Pnma. All of the solutions are single phase except that with the
intermediate composition (x = 0.5), where both phases are ob-
served. The cell volume increases with the iron content. This can
be ascribed to the larger ionic radius of Fe** (HS) compared to
Ni** (LS). LaFe, ,sNi,.s0, was found to be single phase when
prepared at temperatures as high as 1000°C, indicating an
increase in the stability of the perovskite phase at high temper-
atures when a relatively small amount of iron is substituted for
Ni in LaNiO3. © 1997 Academic Press

INTRODUCTION

Perovskite-type oxides with the general formula ABOs,
where 4 can be an alkali, alkaline earth, or a lanthanide
metal and B may be a transition metal, play an important
role in the preparation of catalysts serving for specific ap-
plications (1, 2). Their composition can be varied in a wide
range by partial substitution of cations in positions 4 and
B yielding compounds of the formula (4,4’ —,) (B,B -,)Os.

Substitutional solid solutions are of main interest for
catalytic purposes, since they allow the preparation of iso-
structural series with different physical properties and oxi-
dation states of the B ion (3-5).

We have previously studied the catalytic properties of
LaFe,Ni; - O for peroxide decomposition and oxygen re-
duction. Very good catalytic activity was observed for inter-
mediate compositions (6, 7). LaFe Ni; _ O3 perovkites have
been extensively studied using infrared spectroscopy (8),
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Maossbauer spectroscopy (8—11), magnetic measurements
(7,9-10) and electrical resistivity measurements (12, 13).
However, no detailed structural studies have been under-
taken thus far. A change from rhombohedral to orthorhom-
bic symmetry has been reported for the x = 0.5 phase (10),
but no refined parameters were presented. Although Asai et
al. (9) reported that solid solutions were obtained only in the
range (0 < x < 0.3), a continuous range of solid solutions
were found by other authors (8-10, 14).

One of the end members of the series, LaNiOj3, belongs to
the rhombohedral system, space group R3¢ (No. 167). For
the sake of convenience, a hexagonal description of the unit
cell has been selected with parameters a = 5.4573(3) and
¢ =13.1601(6) A (15). LaNiO; shows Pauli’s paramag-
netism and metallic properties. It is sensitive to partial
oxygen pressures at high temperatures, since Ni(III) can be
partially reduced to Ni(Il) in air to produce oxygen va-
cancies; thus its composition may be better expressed as
LaNiO;_; (16). On the other end of the series, LaFeO;
belongs to the orthorhombic system, space group Pnma
(No. 62) with parameters a = 5.5647(1), b = 7.8551(1), and
¢ = 5.5560(1) A (17, 18); it is an antiferromagnetic insulator
with a Neel temperature Ty = 750 K (19, 20).

We report here Rietveld refinement of X-ray powder
diffraction data of LaFe,Ni; _ O3 solid solutions for x = 0;
0.10; 0.15; 0.25; 0.40; 0.50; 0.60; 0.75; 0.90; 1.00 synthesized at
900°C (except for x = 0 which was synthesized at 800°C)
and of LaFeq ,5Nig 505 prepared at different temperatures
(Tin = 800, 900, 1000, 1100°C).

EXPERIMENTAL

All of the compounds were prepared by the citrate
amorphous precursor decomposition method (6, 21). The
X-ray diffraction data of the powder samples were recorded
using a Phillips PW-170 diffractometer with CuKe radi-
ation, between 20 < 260 < 120°, with steps of 0.02° and
counting time of 10 s per step.
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(a) X-ray diffraction pattern of LaFe, ,5Nig 7503 (T = 1100°C). (b) X-ray diffraction pattern of LaFeg ,5Nig 7503 (T4 = 1000°C).
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TABLE 1
Final Refinement Values of Cell Parameters and R Values
for LaFe,,sNiy;5s0; Synthesized at Different Temperatures

LaFeg 55Nig.7503 a//o\ C/A Rexp Ry Ragrage
Tgine = 800°C 5.4847(1)  13.2384(1) 4.86 10.05 3.74
Tgine = 900°C 5.4842(1)  13.2187(1) 5.03 9.37 3.19
Tgine = 1000°C 5.4864(1)  13.2084(1) 4.84 9.08 2.65
Tgn = 1100°C 5.4877(1)  13.2169(1) 5.02 14.65 6.46

The data were analyzed by means of the Rietveld method
using the DBWS-9411 program (22). The initial atomic
coordinates were taken from the literature (15, 18). The
structure factors were calculated using the atomic scattering
factors. The background was fitted with a polymonial func-
tion. The zero point, half-width, Pearson, and asymmetry
parameters for the peak shape, scale factor, positional, and
isotropic thermal parameters for all of the atoms and unit-
cell parameters were refined.

RESULTS AND DISCUSSION

We have previously reported the X-ray diffraction results
of LaNiO; synthesized at different temperatures (6). Only
the burned amorphous citrate precursor was found at 500°C
while at 600°C < T < 800°C, a perovskite structure with
a well-developed diffractogram was obtained. The number
of reflections increased at T > 900°C indicating that the
decomposition of the perovskite phase starts in this temper-
ature range. This is in agreement with the general reaction
(23, 24)

(n + 1)LaNiO; — La, 4 1Ni,O3,41 + NiO + 1/20,, [1]

where La,;Ni,O3,;, is a homologous series of layered
Ruddlesden—Popper compounds (25-27). Because of this
decomposition, in the present work LaNiO; was syn-
thesized at 800°C.
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Since LaFe, ,5Niy 7503 showed the highest catalytic ac-
tivity for peroxide decomposition (6), we were interested in
determining the temperature range in which the perovskite
structure is stable for this composition.

For this purpose X-ray diffraction experiments were run
for LaFe, ,5Nig ;503 synthesized at temperatures between
800 and 1100°C. The results of the refinements are shown in
Table 1. It is clear from the obtained R values that when
25% of iron is introduced in the B site of LaNiOj;, temper-
atures of synthesis as high as 1000°C can be used without
observing decomposition. This is in contrast to LaNiOs,
which decomposes at temperatures higher than 860°C
(23-27). A slight decomposition, evidenced by the high R,
value and by some impurity lines (shown in the inset of
Fig. 1a) can be observed at 1100°C. A Rietveld refinement
performed on the X-ray data of the samples obtained at
1000 and 1100°C are shown in Fig. 1. In the inset we show
the region where the largest discrepancy between the cal-
culated and experimental diagrams is observed. Therefore, it
seems that the introduction of only 25% of Fe(I1l) in the
position of Ni(III) considerably increases the stability of the
perovskite phase at high temperatures. This increase in
stability might be assigned to the higher stability of Fe(III)
compared to Ni(III), which can be easily reduced.

For the LaFe,Ni; _, O3 series synthesized at 900°C (ex-
cept for LaNiO; which was synthesized at 800°C) either
rhombohedral or orthorhombic space groups were con-
sidered depending on the lines observed in the diffraction
pattern. The rhombohedral distortion of the ideal perov-
skite octahedra is characterized by a splitting of the main
reflections, whereas the orthorhomic distortion shows addi-
tional superstructural reflections with low intensity of the
Bragg positions far from the characteristic reflections of the
ideal perovskite (28). For all intermediate composition
superstructural reflections, which might suggest long range
order of Fe and Ni, were not observed. The Ni(IIl) and
Fe(I1I) cations were assumed to be randomly distributed in
the same crystallographic positions. Very small amounts of
NiO were observed for some samples. This amount was

TABLE 2
Final Refinement Values of Cell Parameters, Normalized Cell Volume (V/Z), Density and R Values for the LaFe Ni, _ O; Series
Prepared at 900°C (Except for LaNiO; Which Was Prepared at 800°C)

o °

Compound a/A b/A /A (V/Z)/A3 p/(gcm™?) Space group R,y Rirage Rexp
LaNiO, 545733)  545733)  13.1601(6) 56.57 7214 R3¢ 14.74 7.76 6.66
LaFeo16Nig 0005 54670(1)  54679(1)  13.1694(1) 56.81 7.178 R3c 9.77 3.57 5.67
LaFeo 1 5Nig 5505 S4714(1)  54714(1)  13.1833(1) 56.96 7.149 R3c 9.59 311 5.66
LaFe, »sNig 1504 54850(1)  54850(1)  13.2198(1) 57.40 7.087 R3c 937 3.19 5.03
LaFeo 40Ni 6005 5.5047(1)  5.5047(1)  13.2642(1) 58.01 6.999 R3c 1043 285 5.17
LaFe, ¢oNig 4005 549073)  7.7830(3) 5.5278(3) 59.06 6.860 Prma 9.96 2,98 731
LaFeg 1sNi »s04 5.5203(1)  7.8142(2) 5.5390(1) 59.73 6.769 Prma 7.65 2.68 5.29
LaFeo 00Nio_1005 5.5485(1)  7.8401(1) 5.5495(1) 6035 6.689 Pnma 10.13 3.35 6.38
LaFeO, 5.5647(1)  7.8551(1) 5.5560(1) 60.71 6.504 Prma 10.39 2.63 7.79




382 FALCON ET AL.

18K —

Intensity (counts)

I ] I I D | i Im mmm rrme mm Ko mn
1 ! 1 | [ I !

Two-Theta (degrees)

38K

208K

Two-Theta {(degrees)
10K

Intensity {(counts)

8K

. 3
T 1 d

-1ax4 | 1| PEEEREE 1 00 t0nl BU ETRRREE NRRRD NRARERD NA0CR WO WA
I 1 1 t1 1 [

Two-Theta {(degrees)

FIG. 2. (a) X-ray diffraction pattern of LaFe, ;5Nig. 7503 (T = 900°C). (b) X-ray diffraction pattern of LaFeq 75Nig 5503 (Tiin = 900°C).
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always lower than 0.4%. Only for one intermediate com-
position, LaFeq 5oNiy 5003, both the rhombohedral and
orthorhombic phases were simultaneously identified. For
this reason a model including both crystallographic phases
was refined.

Figure 2 shows the observed and calculated profiles and
their differences after the refinement for two representative
compositions (one for each crystal system). In the inset, the
region where the superstructure reflections with low inten-
sity (marked with arrows) appear for the orthorhombic
system is shown. The discrepancy factors, R, and final re-
finement parameters are listed in Table 2. The dependence
of refined cell parameters with composition for both phases
is shown in Figs. 3 and 4.

In order to compare volume changes for both phases, we
defined the normalized volume (V/Z), where Z is the num-
ber of formulas per unit cell. We show its dependence with
composition in Fig. 5. There is an increase of V/Z as the
iron content increases. This effect can be easily understood
considering the ionic radii of Ni(III) (low spin) and Fe(III)
(high spin) which are 0.56 and 0.645 A, respectively (29).
Two straight lines were obtained, one for each type of phase.

Table 3 lists the refined oxygen positions and thermal iso-
tropic factors for La, (Ni, Fe) and O for the rhombohedral
phases (space group R3c). Although the variation of x,
is not strictly regular, it tends to increase as the iron content
increases. Taking into account that in an ideal perovskite,
without distortion, this parameter is 0.50 (30), the progress-
ive deviation from this value accounts for a progressive
increase of the tilting of the octahedras (Ni, Fe)Oq and
therefore of the distortion of perovskite as x increases. An
extremely large value of B, was obtained for LaNiO;.
A possible explanation could be that because LaNiO; con-
tains a relatively large amount of oxygen vacancies, during
the refinement this is artificially accounted by increasing
B o). The refinement of the occupation factor of O cannot be

1 |
<L
~ 556 | : i
¢ ° P
S ° .
Q
£ 5521 ? |
(1}
E
(] | |
o A
T 548 + _
o | | L |

0.60 0.80 1.00
X

FIG. 3. Dependence of cell parameters a, A; b, \/E ®; ¢, B with
composition for LaFe Ni; _ 0. Ty, = 900°C (0.5 < x < 1.0).
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performed with powder X-ray data because of the very low
value of the O scattering factor.

Table 4 includes atomic positions and temperature fac-
tors for the orthorhombic phases (space group Pnma). In
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TABLE 3
Atomic Positions and Temperature Factors for LaFe Ni, - . O;
with 0 < x < 0.5 (Space Group R3c)

Compound X0) Ba/A? Buire/A2  Bey/A?
LaNiO, 053291)  0516(1)  0357(1)  2.88(1)
LaFey 1oNipooOs  0.5448(7)  0.59(2) 0.49(2) 1.55(9)
LaFeo sNigssOs  0.5480(7)  0.61(2) 1.0109) 1.2509)
LaFe, »sNig 1505 0.5481(1)  0.66(2) 0.46(2) 1.42(9)
LaFeo 4oNig 005 0.5514(7)  0.69(2) 0.46(3) 1.07(1)

Note. La occupies the sites (16a) (0, 0, 1/4); (Ni, Fe) are at (6b) (0, 0, 0)
and oxygens are at (18¢) (x, 0, 1/4).

these phases the parameter yo,) as well as zg,) are sensitive
to the effect of the tilting of the octahedra (30). Data corres-
ponding to the composition LaFe, 5oNiy 5003, which is
a mixture of both phases, are omitted. A gradual increase of
Y(02) occurs as the composition approaches LaNiO; which
has the greatest structural distortion in this series.

The two different symmetries observed in the different
compositional ranges of this series can be explained in terms
of the simple ionic model described by Goldschmidt (2).
According to this model, a tolerance factor (¢) can be defined
as t=d A,O/\/zdg,o. For the ideal cubic perovskite, this
value should be around 1. For ¢ values slightly less than 1,
the BOg octahedra are rotated about the (111) axis and
a rhombohedral distortion is observed, such as in LaNiOs.
For smaller ¢, the octahedra tilt about (110) and (001) axis
and an orthorhombic distortion is found as in LaFeOs.
Table 5 lists the values of ¢ calculated from the distances
A-O and B-O obtained by the addition of the ionic radii.
For these calculations we have taken the 12-coordinated
effective ionic radius of La®* (1.36 A); the 6-coordinated
radii for Ni** (LS) (0.56 A) and Fe** (HS) (0.645 A) and
1.40 A for O~ (29). For the intermediate compositions, the
value (Fe, Ni)-O was obtained using the weighted average
of the radii of Ni*" and Fe®>*. A rhombohedral symmetry
was observed experimentally for values of the tolerance
factor between 0.996 and 0.979. For 0.974 a mixture of both
phases was observed. For t <0.970, the orthorhombic
phase is clearly more stable. A similar behavior was re-

FALCON ET AL.

TABLE 5
Tolerance Factors (¢) for LaFe Ni, O,

Compound (Fe, Ni)fo//(i t Symmetry of phases
LaNiO; 1.960 0.996 R
LaFe.;0Nig.0003 1.969 0.991 R
LaFe, ;5Nij 5505 1.973 0.989 R
LaFeg 55Nig 7503 1.981 0.985 R
LaFeq 40Nig.003 1.994 0.979 R
LaFeg 50Nig.5003 2.003 0.974 R-O
LaFe, 60Nig 4005 2011 0.970 0
LaFe; 75Nig.2503 2.024 0.964 (0]
LaFe, 0oNig 1003 2,037 0.958 e}
LaFeO; 2.045 0.954 (0]

ported by Lacorre et al. for REMO; compounds (where
RE = rare earth and M = Cr, Al, Co, Cu, or Ni) (28).

CONCLUSIONS

LaFe, ,5Nij 7503 can be obtained as a single-phase
material at temperatures as high as 1000°C. A slight de-
composition is observed for this phase at 1100°C, which is
evidenced by the high R,,, value obtained in the Rietveld
refinement and by some impurity lines. Thus, the introduc-
tion of a small amount of Fe(III) in the positions of Ni(I1I)
increases the stability of the perovskite phase at high tem-
peratures.

For the LaFe.Ni,_ O3 series, the Rietveld refinement
results indicated that all of the samples are monophasic
except the one with composition LaFe, 5o0Nij 5003. Those
with 0 < x < 0.5 show the LaNiOj structure, (rhombohed-
ral system space group R3c) while samples with 0.5 < x < 1
show the LaFeOj structure (orthorhombic system, space
group Pnma). For the sample with composition LaFe 5o
Nij 5003, both the rhombohedral and orthorhombic phases
were found.

Cell parameters increase progressively with increasing Fe
content and the normalized cell volume (V/Z) increases
linearly with x due to the larger radius of Fe(IIl) (HS)
compared to Ni(III) (LS).

TABLE 4
Atomic Positions and Temperature Factors for LaFe Ni, _ . O; with 0.50 < x < 1 (Space Group Pnma)
Compound X(01) Zo1) X(02) Yo2) Z(02) X(La) Z(La) Bi Fe)/Az B(o1)/Az B(OZ)/AZ B(La)/Az
LaFey 6oNig 4003  0.496(3) 0.071(2) 0.0276(4) 0.033(3) —0.272(4) 0.0190(3)  —0.0032(4) 0.32(9) 0.78(3)  1.00(2)  0.67(4)
LaFe, ;5Nip 503  0.4923(9) 0.073(2) 0.283(2) 0.030(3) —0.279(2) 0.0283(1)  —0.0051(3) 0.54(2) 0.34(1)  2.23(3) 0.71(1)
LaFey 9oNig 1003  0.491(1)  0.067(3) 0.279(1) 0.035(1)  —0.285(1)  0.0272(1)  —0.0061(2) 0.23(2) 0.55(1)  1.76(1)  0.63(2)
LaFeO; 0.489(1)  0.069(2) 0.281(1) 0.039(1)  —0.28(1) 0.0291(1)  —0.0061(2) 0.45(2) 0.643)  2.24(3)  0.68(1)

Note. La occupies the sites (4¢) (x, 1/4, z); (Ni, Fe) are at (4b) (0, 0, 1/2); oxygens (O1) are at (4c) (x, 1/2, z) and (O2) at (8d) (x, y, z).
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