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Perovskite-type compounds of general formula LaMn,__Cu,
O; and LaCo,_,Cu.O; (x=0.0, 0.2, 0.4, 0.6, 0.8, 1.0) were
prepared by calcining the citrate gel precursors at 823, 923, and
1073 K. The decomposition of the precursors was followed by
thermal analysis and the oxides were investigated by means of
elemental analysis (atomic absorption and redox titration), X-
ray powder diffraction, BET surface area, X-ray absorption
(EXAFS and XANES), electron microscopy (SEM and TEM),
and magnetic susceptibility. LaMn,__Cu,O; samples are perov-
skite-like single phases up to x=10.6. At x=0.8 CuO and
La,CuO, phases are present in addition to perovskite. For
x = 1.0 the material is formed by CuO and La,CuQ,. Mn(IV)
was found by redox titration in all Mn-based perovskite samples,
its fraction increasing with the increase in copper content.
EXAFS and XANES analyses confirmed the presence of
Mn(IV). Cation vacancies in equal amounts in the 12-coor-
dinated 4 and octahedral B sites are suggested in the samples
with x = 0.0 and x = 0.2, while for x = 0.6 anionic vacancies are
present. Materials with sufficiently high surface area
(22-36 m* g~! for samples fired at 923 K and 14-22 m* g~! for
those fired at 1073 K) were obtained. Crystallite sizes in the
ranges 390-500 and 590-940 A for samples calcined at 923 and
1073 K, respectively, were determined from the FWHM of the
(102) X-ray diffraction peak. TEM patterns of LaMnQ, showed
almost regular hexagonal prismatic crystals with sizes of the
same order of magnitude (800 108) of those drawn from X-ray
diffraction, while no evidence of defect clustering was drawn out
from TEM and electron diffraction images. For the sample with
x=10.6, TEM and electron diffraction patterns revealed per-
turbation of the structure. Magnetic susceptibility studies show
a ferromagnetic behavior that decreases with increase in x.
LaCo,_,Cu, O, samples are perovskite-like single phases up to
x =0.2. For x = 0.4 a small amount of La,CuQ,, in addition to
perovskite, is detected. For x > 0.6 massive formation of
La,CuO, and CuO is observed. Only trivalent cobalt is found by
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redox titration. Magnetic susceptibility studies have shown that
trivalent cobalt is present in all samples as a mixture of para-
magnetic Co** and diamagnetic Co™ ions, the Co®* fraction
being, at least up to x = 0.4, equal to =~ 0.34. Antiferromagnetic
behavior, which increases with increase in x, is observed in all
LaCo,_,Cu,O; samples. LaCoQ; is a stoichiometric perovskite.
The substitution of cobalt by Cu?>* leads to a positive charge
defectivity which is compensated by oxygen vacancies. EXAFS
and XANES analyses confirmed the presence of trivalent cobalt.
Materials with fairly high surface area (in the ranges 19—27 and
13-21 m* g™' for samples calcined at 923 and 1073 K, respec-
tively) were obtained. Crystallite sizes of ~ 400 and ~ 1000 A
for samples calcined at 923 and 1073 K, respectively, were deter-
mined from the FWHM of the (102) X-ray diffraction peak.
Materials with not very clear morphology and crystals with
definite structure are distinguishable by SEM for samples cal-
cined at 1073 and at 1273 K, respectively. TEM patterns, for
samples calcined at 1073 K, evidence almost regular hexagonal
prismatic crystals connected to form “linked structures” and
some ‘‘spotty crystals,” suggesting short-range ordered local
defects. For copper-containing samples, calcined at 1273K,
a higher degree of defectivity (probably associated with the
interaction of anion vacancies) and the occurrence of “planar
faults” are shown by TEM. © 1999 Academic Press

Key Words: solid solution oxide perovskites; La-Mn-Cu
perovskites; La—Co-Cu perovsKkites.

INTRODUCTION

Perovskite-type oxides of general formula ABO,, where
B is a cation, usually a transition metal, surrounded by six
oxygens in octahedral coordination, and A4 is a cation,
usually a rare-earth metal, 12-coordinated by oxygens,
which occupies the cavities made by the BOg octahedra,
have been extensively studied for their physical and techno-
logical properties, such as ferroelectricity, piezoelectricity,
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piroelectricity, high-temperature superconductivity, mag-
netic behavior, and catalytic activity (1-3).

Many metallic elements are stable in the perovskite struc-
ture provided that the 4 and B ions have dimensions
(ry >0.90 A, rz >0.51 A) that agree with the limits of the
so-called “tolerance factor” t (0.8 < t < 1.0) defined by Gold-
schmidt (4), as t = (r4 + ro)/</2(rg + ro), where ry, rp, and
ro are the ionic radii for 4, B, and O, respectively.

The partial substitution of 4 and/or B by other metals
with different oxidation state gives rise to a change in the
oxidation state (or electronic doping) in the B cation, as in
the La, -, Sr,MnQOj series, and/or produces structural de-
fects (e.g., anionic or cationic vacancies) which are generally
associated with the physicochemical properties of the ma-
terial (1-3). Much attention has been paid recently to perov-
skite-type oxides, after partial substitution of the 4 cation
with elements having a valence state different from 3 + , as
catalysts for hydrocarbon total oxidation due to their high
activity and thermal stability (5-7). Less attention has been
given to the effect of B cation substitution on catalytic
properties (8, 9). Note that high-temperature applications,
such as gas turbines, require materials stable to severe
operating conditions (5, 10). Perovskite-like materials are
indeed very resistant to high temperatures but often their
limit in catalysis is represented by low values of surface area,
if they are synthesized at high temperature (> 1373 K) using
a solid-state reaction, starting from the component oxides.
In this case the specific surface area is less than Sm? g~ 1. To
improve the catalytic activity it is thus necessary to produce
such materials with larger surface areas using suitable pre-
cursors which may, under mild heat treatment, give the
desired catalysts.

Among the oxidic perovskites, those containing lan-
thanum and manganese have received much attention in
both fundamental and applied science since they apparently
constitute the only system, in the lanthanum-transition
metal perovskites, that exhibits, depending on the prepara-
tion conditions (temperature and atmosphere), a wide range
of oxidative nonstoichiometry with strong modifications in
their physicochemical properties.

For stoichiometric LaMnOj; a reducing or inert atmo-
sphere and a high temperature of preparation are necessary
to preserve the Mn(IIl) oxidation state. At room temper-
ature pure LaMnQOj; has a distorted orthorhombic (a =
5.537A, b =5.743 A, ¢ = 7.695 /OX) perovskite structure as
a consequence of the Jahn-Teller distortion of the oxide
octahedron around the d* Mn(IIl) ion (11). Elemans et al.
studied LaMnOj; by powder neutron diffraction and found
that this compound has no La, Mn, or O vacancies or any
other defect within the structure, and that three different
Mn-O distances (1.905 A, 1.959 A, 2.187 A; average 2.017 A)
are found by structure refinement, thus confirming the
MnOy octahedral distortion (11). Goldschmidt’s tolerance
factor, t, is 0.96 for LaMnQj if the ionic radii from Shannon
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are taken into account (12). For t < 1, as in the case of
LaMnO;, the orthorhombic distortion from the ideal cubic
structure of perovskite has indeed been predicted (4). Pure
LaMnOj; is antiferromagnetic with a Neel point Ty = 90 K
and a magnetic moment p = 5.0 ug (13), in agreement with
the spin-only value (1 = 4.9 up).

When La-Mn oxide perovskite is prepared in air, several
oxidized nonstoichiometric LaMnQOj;,; compounds, with
Mn(I1T) and Mn(IV) ions present in the same structure, are
obtained (11, 14-17). By setting the valence state of La to
3 +, it follows that (to preserve charge neutrality) for each
value of J, an equivalent amount (26) of Mn(III) should
oxidize to Mn(IV). Since the oxidation of some Mn(III) to
Mn(IV) reduces the Jahn-Teller distortion caused by the d*
Mn(III) ion, a smaller deviation from the ideal cubic sym-
metry occurs so that the symmetry changes from orthor-
hombic (found in stoichiometric LaMnQO3) to primitive
rhombohedral (or nonprimitive hexagonal) for a Mn(IV)
concentration greater than 21% (LaMnQO3 ¢5) (14-17). The
cell volume per formula unit and the average Mn-O
distance (2.0 A) of the LaMnOj; , s compounds were found
to decrease with increasing Mn oxidation.

For nonstoichiometric oxidized ABOj; . ; perovskites at
least three different models can be suggested: (a) incorpora-
tion of oxygen into the lattice as interstitial oxygen ions in
sites of low electrostatic potential (this model is hardly likely
since the ABOj; perovskite structure consists of a close-
packed AO; lattice with B cations in the Og4 octahedral
sites), (b) vacancies on both 4 and B cation sites to leave
a perfect oxide sublattice, (c) vacancies only on the 4 sites (B
cation nonstoichiometry is less common since in the elec-
trostatic model the B cations are much smaller and thus
have a higher charge density than the A cations). In the last
case migration of A cations to complete the B cation sublat-
tice should occur. Note that for models (b) and (c) the
notation ABOj ;s is somewhat misleading, but it is com-
monly used. For model (b) with equal amounts of 4 and
B vacancies, the notation ABO;,; normalized to three
oxygens as expected for the perovskite structure becomes
Ay - ,B;-,03, where y = 6/(3 + 0).

Tofield and Scott (15) have proved by powder neutron
diffraction that for the sample LaMnOj ;,, with a primitive
rhombohedral cell, the nonstoichiometry involves La and
Mn vacancies (La vacancies = 0.06, Mn vacancies = 0.02)
rather than interstitial oxygens. Since the Mn(I11)/Mn(IV)
ratio in LaMnOs ;,, determined by redox titration, was
3.17, it followed that the formula normalized to three oxy-
gens is Lag o,Mn(IIl)g 74sMn(IV)g ,3505. In LaMnOg 4,
the Mn-O distance (1.965 + 0.003 A) is much lower than
that observed by Elemans et al. in the stoichiometric
LaMnOj; (average value 2.017 A) (11).

Van Roosmalen et al., examined another nonstoichiomet-
ric LaMnOs; . ;s sample by powder neutron diffraction, elec-
tron diffraction, high-resolution transmission electron
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microscopy, and chemical analysis (16). Their results have
shown that (a) no interstitial oxygen ions were present
within the structure, (b) equal amounts (0.05) of La and Mn
vacancies were present, and (c) no defect clustering or crys-
tallographic shear occurred. The La/Mn ratio was
1.00 £+ 0.001, and the Mn(IITI)/Mn(IV) ratio, as found by
redox titration, was 2.17 4+ 0.001, so in the ABO;, ; nota-
tion the formula of the sample is LaMnQOj ; 55, whereas the
formula normalized to three oxygens is Lagy osMn(III), 45
Mn(IV)o.3003.

LaCoO; and its substituted La,_,Sr,CoO; and
LaCo, - Mn,O; parent perovskites have been studied for
their magnetic and semiconducting properties (18-23).
LaCoO; has a primitive rhombohedral (or nonprimitive
hexagonal) perovskite structure. Goldschmidt’s tolerance
factor, t, is equal to 0.97 for LaCoOQj if the ionic radii from
Shannon are taken into account (12). LaCoOs itself is a p-
type semiconductor. It is antiferromagnetic with an ex-
trapolated paramagnetic Curie temperature 6 < — 200K
and an effective magnetic moment u = 3.4 ug (18). LaCoO;
contains a mixture of d° trivalent paramagnetic Co** (13, ¢;
configuration with four unpaired electrons) and diamag-
netic Co™ (13, Y configuration) ions. Jia et al. (20) have
shown that in LaCo, ¢Mn, {O5 the presence of the para-
magnetic trivalent Co®* ion is due to the thermal excitation
of the diamagnetic Co™ ion, the amount of Co** thus
increasing with the increase in temperature. The calculated
activation energy E from the Co™ ground state to the Co**
excited state for the thermodynamic equilibrium Co™ <
Co3* [K = X(Co3")/X(Co™) = e F*T where X(Co™) and
X (Co3*) are the relative contents of the low-spin-state Co'™
ion and the high-spin-state Co®* ion] is equal to 0.006 eV in
LaCog.9Mng ;O3 (20). Slightly higher values for the activa-
tion energy from Co™ to Co** have been estimated in
LaCoO; by Jonker (E = 0.01 eV) (18) and by Bhide et al.
(E =0.02¢eV) (21). Note that in the great majority of inor-
ganic materials trivalent cobalt is present in the low-spin
Co™ state, the only exceptions being, to our knowledge,
LaCoO; (and related cobalt containing perovskites) and
A;CoF¢ (A = alkali metals) (24), where the high-spin Co3*
state has been found.

In the light of the interesting physicochemical and cata-
lytic properties disclosed by the manganese- and cobalt-
containing lanthanum oxidic perovskites work has been
undertaken by us with the aim of preparing high-surface-
area LaM, _ .Cu,O; (M = Mn or Co) perovskites by citrate
precursors, to study the effect of copper on the structural
properties of the perovskites and to investigate their redox
properties as well as their catalytic activity toward methane
combustion. In this paper the main solid-state physicochemi-
cal properties of the LaMn, _,Cu, O3 and LaCo;_,.Cu,O;
systems are reported. Copper has been chosen as a substitute
agent for manganese and for cobalt due to its stable Cu?*
valence state under the preparation conditions used by us.
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EXPERIMENTAL

La, Mn (or Co), and Cu nitrates were mixed together in
suitable proportions to give a concentrated solution. Citric
acid was then proportionally added to the metal solution to
have the same amounts of equivalents. The solution was
evaporated at 333-363K to produce a viscous syrup. The
product was then heated at 383 K for 15 h, and evolution of
brown smoke was observed. After grinding, the sample was
heated very slowly from 383 to 453 to produce a vitreous
solid (in this step of calcination a violent decomposition
around 443 K, accompanied by brown smoke and NO, gas
evolution, was observed). The product was ground and fired
at 573 K for 1h. The sample was then reground and cal-
cined for 5h each at 823, 923, and 1073 K. For SEM and
TEM investigations some samples calcined also at 1273 K
were used. The La-Mn oxide sample was also fired in N, for
5h at 1073 K. To gather information on their thermal
stability some samples were also fired at 1373 and 1523 K.

The thermal behavior of the precursors was determined
with a Stanton Redcroft STA-781 simultaneous TGA-DTA
apparatus (Pt crucibles, Pt—-Pt/Rh thermocouples, heating
rate of 10 K min~1), 20-30 mg of sample being employed
for the runs. To avoid equipment damage due to the violent
decomposition of the material observed in the range
383-453 K, the samples were preheated at 573 K before
thermal analysis.

Chemical composition was determined by atomic absorp-
tion for Mn, Co, and Cu content. The valence state of
manganese and cobalt was determined by dissolving the
samples in a known excess of a ferrous sulfate standard
solution and by titrating with potassium permanganate the
excess of Fe(Il). The titration was performed twice for each
sample with the reproducibility of results always within 2%.

Phase analysis, lattice parameters, and particle size deter-
mination were performed by X-ray powder diffraction
(XRPD) using a Philips PW 1029 diffractometer with Ni-
filtered CuK« radiation. Lattice parameters were calculated
using the program UNITCELL method of T. J. B. Holland
and SAT Redfern 1995. Particle sizes (D) were evaluated
by means of the Scherrer equation D = K//fcosf after
Warren’s correction for instrumental broadening (25). K is
a constant equal to 0.9; 4 the wavelength of the X-ray used;
f the effective linewidth of the X-ray reflection under obser-
vation, calculated by the expression > = B> — b? [where
B is the full width at half-maximum (FWHM), b the instru-
mental broadening determined through the FWHM of the
X-ray reflection at 20 =~ 28° of SiO, having particles larger
than 1000 /OX]; 0 the diffraction angle of the (/02) considered
X-ray reflection (260, ~ 23°).

BET surface areas (SAggr) of the materials calcined at 923
and 1073 K were measured by N, adsorption at 77 K.

Surface area values were also calculated starting from
particle sizes using the expression SA,;. = 30,000/rd, where
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r is the radius of crystallites (supposed spherical) and is
deduced from the crystallite sizes (D) measured by means of
X-ray line broadening (r = D/2), and d is the X-ray density
defined as d = MZ/V N, where M is the molar mass of the
formula unit, Z the number of formula units per unit cell,
V' the measured unit cell volume, and N the Avogadro
constant.

Mn, Co, and Cu K-edge X-ray absorption spectra (XAS)
have been collected on 923 K calcined LaMn, _,Cu,O;
samples with x = 0.0, 0.2, 0.4, 0.6, 1.0, on 923 K calcined
LaCo, -, Cu,O; specimens with x = 0.0,0.2, and 0.4, and on
the reference compounds (CuO, MnO,, Co;0,). Measure-
ments have been performed at ESRF, GILDA beamline
(Grenoble), by using a Si(311) double-crystal mono-
chromator, at room temperature in the transmission and
fluorescence modes. Samples have been deposited on Mil-
lipore membranes. X-ray spectra have been analyzed using
the suite of programs by A. Michalowicz (LURE, Université
Paris-sud).

SEM and TEM patterns were taken at the Laboratory of
Professor R. J. Tilley, University of Cardiff, United King-
dom. A Jeol 35 CF microscope equipped with a LINK 860-2
system for analysis was used for SEM experiments, and Jeol
200 CX equipment was employed for TEM analysis.

Magnetic susceptibilities were measured by the Gouy
method over the temperature range 100-300 K and at dif-
ferent magnetic field strengths. Correction was made for the
diamagnetism of the samples.

RESULTS AND DISCUSSION

For the sake of clarity the results for the two systems
studied are presented and discussed separately.

1. LaMn, _ .Cu,O;

As stated under Experimental, the calcination of the pre-
cursors gave rise to a violent decomposition, accompanied
by brown smoke, around 443 K. To avoid damage to the
thermal equipment the samples were then precalcined above
this temperature before testing for thermal analysis. The
thermograms (not reported here) were similar for all precur-
sors, independently of the manganese-copper composition.
They showed two weight losses. The first, associated with
a strong exothermic peak, starts around 573 K and ends
around 823 K. This loss can be associated with the release of
a great amount of CO, from the citrate. In the range
853-953 K, another smaller weight loss, associated with the
release of residual CO, and NO,, was observed.

The thermograms show a behavior similar to that re-
ported by Taguchi et al., for a citrate—nitrate gel obtained, as
in our case, by adding the same equivalents of citric acid and
metal nitrates (26). Note that the gel studied by Taguchi
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FIG.1. Powder X-ray diffraction patterns for LaMnOj heated in air at
823, 923, and 1073 K, and in N, at 1073 K. X-ray lines belonging to
LaMnOj ;5 (27a) are given at the bottom.

et al, has been considered by thermal analysis and IR
measurement to be LaMn(C¢gH;50,)(NO3);.

The calcination of the precursors was performed at 8§23,
923, and 1073 K. However, the samples calcined at 1073 K
were investigated in more detail. For SEM and TEM invest-
igations some samples calcined at 1273 K were used. Fig-
ure 1 shows the diffractograms for the La-Mn sample
heated in air at 823, 923, and 1073 K and fired in N, at
1073 K.

Phase analysis revealed (see Fig. 2 for the samples cal-
cined at 1073 K) the presence of a single perovskite phase
with primitive rhombohedral cell [nonprimitive hexagonal
cell (27a)] up to x = 0.6. However, for the compositions
x = 0.4 and x = 0.6 the twin peaks (110)-(104) at 20 ~ 33°,
(202)-(006) at 20 ~40°, (212)~(116) at 20 ~ 53°, and
(301)—(117) at 20 ~ 58° coalesce to single peaks. This indi-
cates that the lattice tends to a higher symmetry as x in-
creases. Note that the same behavior has been observed in
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FIG. 2. Powder X-ray diffraction patterns for LaMn; _ ,Cu,O; cal-
cined at 1073 K. X-ray lines belonging to LaMnOj ;5 (27a) are given at the
bottom. Asterisks and circles for La,CuO, (27b) and for CuO (27c),
respectively, are reported.

LaMnOj; treated in N, at 1073 K (see Fig. 1), and in the
La; -, Sr,CoO; system (28-30). For x = 0.8 the strongest
X-ray lines belonging to La,CuQ, (27b) and CuO (27c) were
detected (Fig. 2) in addition to those of perovskite. For
x = 1.0 the only phases present are CuO and La,CuO,. It
may thus be inferred that, as already found by Rojas et al.
(8), the substitution of manganese by copper totally
preserves, up to x = 0.6, the perovskite structure. Only the
results for samples having perovskite as a unique phase (up
to x = 0.6) are discussed in more detail.

As pointed out by Tofield and Scott (15) and by van
Roosmalen et al. (16), in La—Mn oxide perovskite there is no
interstitial oxygen excess to compensate the higher charge of
Mn(IV), the defect chemistry being thus given by vacancies
on both 4 and B cation sites [in equal amounts, according
to van Roosmalen et al. (16)]. This implies that the ABO; 4
notation commonly used for perovskite-type compounds
with oxidative nonstoichiometry should really be written in
the normalized to three oxygens formula, and on the basis of
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A and B vacancies in equal amounts, as 4, _,B; _ O3, where
y=9/(3 + 9).

Redox titration has shown that in the La-Mn perovskite
(x = 0.0) there is a substantial fraction of manganese as
Mn(IV) (35%, see Table 1), which reaches 58% in the
sample with x = 0.2, 68% for x = 0.4, and 100% for x = 0.6.
Thus, in agreement with the results of Tofield and Scott (15)
and van Roosmalen et al. (16), also in our case the La-Mn
perovskite can be regarded as a nonstoichiometric oxidized
LaMnOs; , s compound. On substitution of manganese by
copper the charge neutrality is realized by further manga-
nese oxidation. At high copper content [x = 0.6, 100% of
Mn(IV)] the perovskite stoichiometry is achieved by the
presence of oxygen vacancies. For x > 0.6, oxygen vacancies
become so high that the perovskite structure was no longer
stable, and La,CuO, and CuO were formed together with
a remaining fraction of Cu—-Mn perovskite (see Fig. 2 for the
sample with x = 0.8).

By taking into account the experimental Mn(I11), Mn(IV),
and copper contents (see Table 1), the following oxidative
nonstoichiometric formulas were derived:

for x = 0.0, LaMn(I1)y ¢sMn(I1V).3503.175;

for x = 0.2, LaMn(IIl)y 3. Mn(IV)g 46Cug 203 14;
for x = 0.4, LaMn(IIl)y ;oMn(IV)g 41Cug 4O3;
for x = 0.6, LaMn(IV)4 4,Cug.605 0.

By normalizing to the three-oxygen formula and suppos-
ing, as found by van Roosmalen et al. (16), the presence of an
equal amounts of cation vacancies in the 4 and B sites, the
following defective perovskites may be obtained:

for x = 0.0, Lag o,Mn(III)g ;Mn(IV)y.3303;

for x = 0.2, Lag. osMn(I11)g.3,Mn(IV)y 44Cug.1603;
for x = 0.4, LaMn(I11)y 1 oMn(IV)g 4;Cug 4O3;

for x = 0.6, La Mn(IV)y 4Cug 605.6.

From the above formulation it is deduced that (i) La-Mn
perovskite is a cation defective material, (ii) the numbers of
cation vacancies in the 4 and B sites decrease for x = 0.2,
(iii) for x = 0.4 the material does not show any defect chem-
istry, and (iv) oxygen vacancies are present in the structure
for x = 0.6.

The stoichiometry of the compounds was confirmed
by temperature-programmed reduction (see Part II). The
samples after TPR were analyzed by XRD and found to
contain only La,0;, La(OH);, MnO, and Cu® for the
LaMn, _,Cu,Oj; solid solutions, and La,O3, La(OH);, and
MnO in the case of LaMnOs.

From the X-ray spectra of the samples calcined at 1073 K
(more crystalline materials with very straight lines) the unit
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TABLE 1
LaMn,_,Cu,O;,; Samples

x=0 x=02 x=04 x =0.6
Mn,, (%) 20.9 17.5 13.6 9.2
Mn,m (%) 22.7 18.0 134 8.9
Mn(I11)/Mn,q, 0.65 0.42 0.32
Mn(IV)/Mn,, 0.35 0.58 0.68 1.00
Cueyp (%) 5.6 10.0 15.5
CUom (%) 52 10.4 154
Dio» (/o\)—923 K 430 (290) 500 (320) 500 (320) 390 (280)
DLOZ(A)—IOBK 730 (370) 940 (400) 810 (380) 590 (340)
SAger 923 K 36 26 24 21
SAcc 923 K 21 18 17 22
SAger 1073 K 22 19 14 20
SA.c 1073 K 13 10 11 15
a 5.516 5.515 5.513 5.501
¢ 13.33 13.27 13.42 13.39
14 351.3 349.6 3534 350.9
Cu-0O (A) (CN) 2.00 (6) 1.95 (6) 1.93 (4)
Mn-O (/‘i) (CN) 1.94 (6) 1.94 (6) 1.92 (6) 1.91 (6)
Uexp (UB) 5.7 4.7 3.5 2.7
Ueate (1g) 4.7 4.0 3.5 2.9
Tc (K) 160 95 60 45

Note. Percentage of total experimental and nominal manganese content
(Mneyp, Mnyem); fraction of Mn(III) [Mn(Ill)/Mn,,] and Mn(IV)
[Mn(IV)/Mn,,); percentage of experimental and nominal copper content
(CUexp, Cuyom); crystallite size, Do, (/&), for samples calcined at 923 and
1073 K; BET surface area (SAggr, m? g~ ') and calculated surface area
(SAcae, m? g~ 1) for samples calcined at 923 and 1073 K; lattice parameters
for the hexagonal unit cell [lattice parameters for LaMnO3 5: a = 5.523,

o

¢ =13.324, V = 351.9 (27a)]; observed Me-O distance (A) with coordina-
tion numbers in parentheses; experimental (i, and calculated (tcac)
magnetic moment; Curies temperature (7¢).

cell parameters were evaluated, by indexing the reflections
on the basis of the nonprimitive hexagonal (primitive rhom-
boheral) cell corresponding to LaMnOj; ;5 (27a). The values
of a, ¢, and V for the samples up to x = 0.6 are reported in
Table 1. It can be seen that a decreases continuously with
increasing x, whereas the variation of ¢ and V' with copper
content has an irregular behavior. In the light of the
LaMn, _,Cu,O; composition given above, the irregular
behavior of the cell volume variation can now be under-
stood. It should be pointed out that at least four factors
influence the variation of V' with x: (i) replacement of
Mn(I1I) by Mn(IV) [ionic radii for octahedral Mn(I1I) and
Mn(IV) equal to 0.645 and 0.53 A, respectively (12)], (ii)
replacement of manganese by copper [ionic radius for oc-
tahedral Cu(Il) =0.73 A (12)], (iii) decrease of cation va-
cancies, (iv) presence of anion vacancies content at x = 0.6.
Factors (i) and (ii) have definitely opposite effects on the cell
volume, e.g., contraction of V for (i) and expansion of V for
(i1), whereas it is rather hard to quantify the effects on lattice
volume of factors (iii) and (iv). For each sample, therefore,
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several parameters should be taken into account to foresee
and rationalize the behavior of the variation of V' with x.

The EXAFS spectra (after Fourier filtering, backtrans-
form, and fitting of the first coordination shell) provided
Cu-O distances of 2.0, 1.95, and 1.93 A for the LaMn,; _,
Cu,Oj; samples with x = 0.2, 0.4, and 0.6, respectively, and
Mn-O distances varying from 1.94 to 1.91 A with the in-
crease in copper content (Table 1). The coordination num-
ber, given in parentheses in Table 1, is nearly 6, except for
copper in the sample with x = 0.6 where 4 was found. The
Debye-Waller factors are 0.075 + 0.001 and 0.068 + 0.004
for copper and manganese, respectively.

As for copper, it may be recalled that the Cu-O distance
expected on the basis of the sum of the ionic radii [Cu(II)
octahedrally coordinated = 0.73 4, 02~ =140A (12)]
should be much higher (2.13 /OX). The observed lower values
may be explained by a Dy, distortion of the copper sites (a
shortening of the four planar bonds and a lengthening of the
apical ones in the CuOg octahedron) and/or by a prevailing-
ly covalent character of the Cu-O bond, both effects result-
ing in a shorter average Cu-O bond length. The decrease in
Cu-O distance with x may be justified by a higher polariza-
tion of oxygens toward copper due to the lower coordina-
tion number caused by oxygen vacancies. Considering the
presence of oxygen vacancies in the sample with x = 0.6 it is
not surprising to find for this compound a coordination
number lower than 6 (e.g., C.N. = 4).

The value of the Mn-O distance (1.94 A) found in the
La-Mn perovskite (x = 0.0) nearly agrees with that found
by Tofield and Scott (15) in LaMnO3 ¢, (1.965 + 0.003 .&)
where a fraction of Mn(IV) in addition to Mn(IIl) was
found, whereas it is much lower than that observed by
Elemans et al., in the stoichiometric LaMnO; (average
value 2.017 A) where only Mn(III) is present (11). The trend
of the slight decrease in Mn-O distance with the increase in
Cu content is due to the increase in Mn(IV) concentration.
Note that the Mn-O distances expected from the sum of
jonic radii are 2.045 and 1.93A for Mn(III)-O and
Mn(IV)-O bond lengths, respectively (12).

Redox titration has shown that in the LaMn; _,Cu,O;
samples the Mn(IV) content increases with increasing cop-
per concentration, reaching 100% for x = 0.6. XANES
analysis confirmed this trend. It is well established that an
increase in the oxidation state of a given element results in
a shift of the relative XANES first-derivative peak toward
higher energies (31). The XANES first derivatives obtained
over the Mn K edge of samples x = 0.0 and x = 0.6 are
shown in Fig. 3. For comparison, the XANES first deriva-
tive of MnO, is also plotted in Fig. 3. The shift toward
higher energy (~ 1.6 ¢V) shown by the x = 0.6 sample with
respect to the x = 0.0 sample suggests an increase in the
oxidation state for manganese with increasing Cu content.
Note that the same effect has been observed in the
Nd; - ,Ca,MnOj; system where the substitution of Ca(II) for
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Nd(III) induces an increase in the valence of Mn above 3 +
(32).

The crystallite sizes (Dq,), determined from the FWHM
of the (102) diffraction peak using Scherrer’s equation after
Warren’s correction of instrumental broadening (25) are
reported in Table 1 for the samples calcined at 923 and
1073 K. Table 1 also reports, in parentheses, the crystallite
sizes determined without correction of instrumental broad-
ening. The crystallite sizes of the samples with x = 0.0, 0.2,
and 0.4 are in the range 430-500 A for those calcined at
923 K and in the range 730-940 A for the samples calcined
at 1073 K. The sample with x = 0.6 shows a much smaller
value of D. This anomaly, as inferred by TEM and electron
diffraction patterns (see later), may be due to the presence in
this sample of extra phases such as CuO and La,CuO, not
detected by XRPD phase analysis. Note that the Dy,
values found by us for the perovskite with x = 0.0 (430 and
730 A for samples calcined at 923 and 1073 K, respectively)
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are much higher than that determined by Tagushi et al. on
a LaMnOj,; sample prepared with a LaMn(CsH;50)
(NOg); citrate-nitrate gel with the same composition used
by us and calcined in almost the same temperature range
[from the gel with 0.007 mol of citric acid and 0.007 mol of
metal nitrates: Dg,4 = 164 A for the sample calcined at
973 K (26)]. However, Taguchi et al. determined the crystal-
lite sizes from the FWHM of an X-ray reflection [(024) at
20 ~ 46.8] different from that used by us [(102), at
260 = 23°], and presumably no correction of instrumental
broadening was applied in their work. If we consider the
values of D reported in parentheses in Table 1 and deter-
mined by us without correction of instrumental broadening
(290 and 370 A for the LaMnO, sample calcined at 923 and
1073 K, respectively), the difference between our estimation
and that of Taguchi et al. becomes smaller.

BET surface areas (SAggy), reported in Table 1, are in the
ranges 21-36 and 14-22m? g~ ! for the perovskite-like
single phase LaMn,; _,Cu,O; samples calcined at 923 and
1073 K, respectively. Also the surface areas (SA.,.) cal-
culated on the basis of the radius of crystallite sizes and of
the X-ray density (d = 6.58, 6.71, 6.91, and 6.97 gcm ™3
for x = 0.0, 0.2, 0.4, and 0.6, respectively) are reported in
Table 1. Note that the values of SAgzpr and SA_,;. are of the
same order of magnitude. The difference between SAggr and
SA...c may be due to the fact that in the calculation of the
surface area all particles were supposed to have a spherical
shape, and this, as shown below by TEM, is not true in our
samples.

SEM is an useful tool to obtain information on the
morphology of samples so that two or more phases crystal-
lized in different structures can be distinguished. However,
for all samples calcined at 1073 K and for all the levels of
magnification used by us (e.g., 2000, 10,000, and 20,000) the
SEM patterns exhibited a not well-defined morphology (see
Fig. 4 for x = 0.4 as example).

TEM associated with electron diffraction was used to
reveal the possible presence of lattice defects in the structure
and their distribution. The samples analyzed by TEM were
those with x = 0.0 calcined at 1073 K and with x = 0.6
calcined at 1073 and 1273 K.

Figure 5 shows the TEM pattern for the sample with
x = 0.0 calcined at 1073 K. Note that the crystals are almost
regular hexagonal prisms with an average size of 0.08 um
(800 /QX). The average size observed by TEM thus agrees with
the value deduced from the FWHM of the diffraction peak
(D192 =730 A). We have previously shown that the sample
with x = 0.0 contains both Mn(III) and Mn(IV) and, by
analogy with neutron diffraction studies (15, 16), equal
amounts of cation vacancies on the A and B sites. If such
defects would interact and form small clusters they should
be recognized from TEM and a diffuse scattering in the
electron diffraction patterns should appear. However, in
any direction the crystals were orientated, no evidence of
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FIG.4. SEM pattern (bar = 0.5 um) for LaMn, _ ,Cu, O3 with x = 0.4
calcined at 1073 K.

defects clustering was drawn out. This indicates, as found by
van Roosmalen et al. in LaMnQOj 55 (16), that the cation
vacancies in oxidized nonstoichiometric LaMnQOj,; are
randomly distributed. Moreover, the diffraction patterns
confirmed that no interstitial oxygen is present since, in this
case, evidence of microdomains, new phases, or crystallo-
graphic shear should be detected.

The results previously reported for the sample with
x = 0.6 indicated that it contains only Mn(IV), and so, to
preserve charge neutrality, ~ 3.3% of oxygen vacancies
should be present in its structure. With respect to LaMnQO;
where the cation vacancies, due to strong electrostatic ef-
fects, cannot interact forming more extended defects, oxygen
vancancies could lead to two types of interaction (33). In
ABO;_; perovskites a single vacancy of the BOg octahed-
ron can interact: (i) in a “linear” fashion with a vacancy
situated on the other side of the octahedron, so forming

FIG.5. TEM pattern (bar = 50 nm) for LaMn, _ Cu,O5 with x = 0.0
calcined at 1073.
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FIG. 6. TEM pattern (bar = 10 nm) for LaMn, _ ,Cu,O5 with x = 0.6
calcined at 1073 K.

linear clusters B-O-B-O-B-0 (in this case the coordina-
tion of the B ion will change to square-planar), or (ii) in
a “stepwise” model with a neighbor vacancy, so the coord-
ination of B will change to tetragonal. The TEM pattern for
the sample with x = 0.6 calcined at 1073 K, reported in
Fig. 6, shows that the lattice structure of some crystals is
strongly perturbed and not highly regular. With respect to
the sample with x = 0.0 (Fig. 5), the material appears not
homogeneous: the same crystal reveals shadow areas which
diffract the electronic motion in a different way (so-called
“spotty crystals”). The TEM pattern, for the sample with
x = 0.6 calcined at 1273 K for 48 h, shows (Fig. 7a) an
incipient ordering of defects and some clustering. In the
diffraction image (Fig. 7b) some extra reflections are visible,
probably due to a doubling of the unit cell. It may thus be
suggested that the perovskite structure also at 1073 K con-
tains anionic vacancies which, by firing the sample at higher
temperature, interact to form more ordered and extended
aggregates. On the other hand, the TEM pattern could
indicate the incipient formation at 1273 K of extra phases
such as CuO and La,CuO, (not detected by XRD). The
presence of small quantities of these oxides could be respon-
sible for the irregular feature of the crystal lattices analyzed
by TEM and for the diffuse scattering of the diffraction
image.

We finally discuss the magnetic properties of the
LaMn; _,Cu,O; samples. Figure 8 shows the inverse
atomic susceptibility, 1/y,, versus T, for the samples cal-
cined at 1073 K. Note that the samples with x = 0.0 and
x = 0.2 do not show a linear behavior of 1/y,, for all ranges
of temperature. All samples exhibit a ferromagnetic behav-
ior that decreases with increasing Cu content. The extrapo-
lated Curie points, T, and the magnetic moments, p, were
derived from the straight parts of the 1/y,~T plots (for the
x = 0.0 and 0.2 samples, the higher-temperature region was
chosen). The values of y and T¢ are reported in Table 1.
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FIG. 7. LaMn,_,Cu,O; with x = 0.6 calcined at 1273 K: (a) TEM
pattern (bar = 10 nm); (b) diffraction image.

The ferromagnetic behavior of oxidized nonstoichiomet-
ric La—-Mn perovskite is indeed predicted by theory and is
caused by the so-called “double-exchange” interaction be-
tween the Mn(III) and Mn(IV)ions (22). The T¢ value for the
sample with x = 0.0 (160 K) nearly agrees with that found
(= 200 K) by Jonker (18). By progressive replacement of Mn
with Cu in the LaMn, _ ,Cu,O; samples the Mn-O-Mn
ferromagnetic interactions diminish and, as observed,
Tc decreases. The magnetic moment for LaMnO; (u =
5.7 pg) is much higher than that expected from the spin-only
values of the paramagnetic species present in the sample
[Mn(III), Mn(IV)]. Note that for LaMnO5 a rather high
value (1 = 5.4 ug) was also observed by Jonker (18). Taking
into account the observed molar fraction of the paramag-
netic ions [ Xyuam, Xmnav) X cuanl> and the contribution to
the paramagnetic moment of the molecule given by the
spin-only value of each ion [fiam = 5.0 up, Umnav) =
3.9 ug, pcuan = 1.7 ug (13)] the expected magnetic moments
of each sample were calculated and reported in Table 1.
It may be seen that, at least for the first range of composi-
tions, the agreement between observed and calculated effec-
tive moments is not satisfactory. This could be due to
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some orbital contribution to the magnetic moment by the
Mn(III) ion.

2. LaCo, _ .Cu,O;

The thermograms (not reported) were similar for all pre-
cursors, independently of the cobalt-copper composition,
and resemble those obtained in the La—Mn-Cu system.

In Fig. 9 the diffractograms for LaCoOj calcined at 823,
923, and 1073 K are reported. LaCoQOj5 calcined at 1523 K
revealed the presence of only the perovskite phase (pattern
not reported) so indicating its high thermostability.

Phase analysis revealed (see Figs. 10 and 11 for the
LaCo, - Cu,O; samples calcined at 923 and 1073 K, re-
spectively) the presence of a single perovskite phase with
primitive rhombohedral cell [nonprimitive hexagonal cell
(27¢)] up to x =0.2. For x = 0.4 the appearance of the
strongest X-ray line belonging to La,CuO, (27b) indicated
the presence of a very small quantity of this compound, in
addition to the LaCo,_,.Cu,O; perovskite phase. For
x = 0.6 and x = 0.8 the amount of La,CuQO, increases and
some CuO (27¢) is also formed. For x = 1.0 the only phases
present are La,CuO, and CuO. A comparison of Figs. 10
and 11 shows, however, that at 923 K the LaCo; _,Cu,O;
perovskite phase is already in a well-crystallized form,
whereas La,CuQO, and CuO are less structured; a temper-
ature of 1073 K must thus be achieved to produce more
crystalline La,CuO, and CuO phases. This indicates
a greater ease of formation of the crystalline LaCo, _,
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FIG. 8. Reciprocal atomic magnetic susceptibility 1/y,, versus T for
LaMn,; _,Cu,Oj; samples calcined at 1073 K.
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FIG. 9. Powder X-ray diffraction patterns for LaCoO; prepared by
citrate precursors and calcined at 573, 823, 923, and 1073 K. X-ray lines
belonging to LaCoOj; (27a) are given at the bottom.

Cu,O; perovskite phase with respect to La,CuO, and CuO.
Redox titration showed in all LaCo, _ ,Cu,O; samples the
presence of cobalt in only the trivalent valence state, no
Co** being detected.

Magnetic measurements displayed the following features:

i. A linear behavior of the inverse atomic susceptibility
1/ya for all ranges of temperature was observed up to
x = 0.4 (Fig. 12). The nonlinearity at lower temperatures of
the 1/y,—T plots for x > 0.6 is probably due to the presence
in the sample of larger quantities of La,CuO, and CuO. In
fact, the sample with x = 1, which contains only La,CuO,
and CuO, showed the most irregular behavior. Only the
magnetic properties of the samples up to x = 0.4 are thus
reported in Table 2.

il. The intercepts to the axis of temperature of the 1/y,~T
plots gave evidence of an antiferromagnetic behavior (Weiss
temperature 0 < 0) which increases in modulus with in-
creasing copper content.
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iii. The magnetic moments, u, decrease with increasing
copper content.

By taking into account that in LaCoOj; no paramagnetic
Co*™ species was detected by redox titration and that La®™*
and low-spin Co™ (t$, €2 electronic configuration) are both
diamagnetic, the paramagnetism observed in this sample
must thus be due to the presence of a certain amount of
high-spin Co** (13, ¢ configuration with four unpaired
electrons) species. For copper-containing samples the con-
tribution to the paramagnetism of the molecule is of course
given also by Cu®™ (13, ) configuration with one unpaired
electron).

The amount of Co®* present in the LaCo, _ ,Cu,O; sam-
ples was evaluated from the observed values of u. Because
each magnetic metal ion can contribute to the total para-
magnetic moment of the molecule, we can have

@* = p(Co*%)- X(Co®") + p*(Cu?™)- X(Cu*"), [1]
:: x=04
=02
- J\ N S
|
J N \ x=00 )
| . ” L, ‘ I ” ]
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FIG. 10. Powder X-ray diffraction patterns for LaCo, _,Cu,Oj3 cal-
cined at 923 K. X-ray lines belonging to LaCoOj; (27a) and to La,CuQOy,
(27b) are given at the bottom and the top, respectively. Asterisks for CuO
(27c) are reported.
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FIG. 11. Powder X-ray diffraction patterns for LaCo, - ,Cu,O; cal-

cined at 1073 K. X-ray lines belonging to LaCoQOj (27a) and to La,CuQO,
(27b) are given at the bottom and the top, respectively. Asterisks for CuO
(27c¢) are reported.

where u is the experimental value of the magnetic moment
for each sample, u(Co®**) and p(Cu®*) are the expected
spin-only values for Co®* [u(Co3*) = 4.9 ug] and for Cu?*
[(Cu*) = 1.7 ug], and X(Co>*) and X(Cu?*) are the
relative contents of the paramagnetic Co®* and Cu?* ions
in the compounds, respectively.

The percentage of paramagnetic Co” ™ species, reported
in Table 2, was found to be around 34% for the samples up
to x = 0.4, the remaining part of cobalt being of course
constituted by the diamagnetic Co™ i

3+

ions.

The presence of Co®*" in LaCoO; causes an antifer-
romagnetic superexchange coupling (22) through the strong
hybridization of the Co?*-e, electrons with the oxygen 2p
state. The substitution of cobalt by Cu?* tends to increase
the number of antiferromagnetically active cation—oxy-
gen—cation interactions so that |f| increases.
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FIG. 12. Reciprocal atomic magnetic susceptibility 1/y, versus T for
LaCo, - ,Cu,O; samples calcined at 1073 K.

The substitution of Cu?* for cobalt leads to a positive
charge defectivity which, in the lack of a corresponding
cobalt oxidation to 4+, is compensated by oxygen
vacancies. The following chemical compositions may thus

TABLE 2
LaCo,_,Cu,O;,; Samples

x=0 x =02 x=04 x=06 x=08 x=1
Cueyp (%) 5.6 10.1 15.6 204 258
CUyem (%) 5.2 10.2 15.3 204 254
Coexp (%0) 24.3 19.3 14.3 9.5 4.8
CoOpom (%0) 24.0 19.1 14.3 9.5 4.7
Co3*/Coyy 0.34 0.34 0.34
Phases P P P,(L) P, LML P(T) LT
Diy,—923 K 440 390
Dyp,—1073 K 990 990
SAger 923 K 19 26 20 27 22 <1
SA . 923K 19 21 19
SAger 1073 K 15 21 13 19 15 <1
SAcae 1073 K 8 8 8
a 5.435 5.451 5.464
¢ 13.07 13.09 13.15
|4 3344 336.9 339.8
Cu-0O (CN) 1.98 (6) 1.96 (6)
Co-0O (CN) 1.92 (6) 191 (6) 1.92(6)
Hexp 2.85 2.68 247
—0 70 100 125

Note. Percentage of experimental and nominal copper content (Cueyp,
Cu,om); percentage of total experimental and nominal cobalt content
(COexp> COpnom); fraction of Co?*/Coyyar; phase detected by XRD; symbols
for phases: P, perovskite; L, La,CuQy; T, tenorite; CuO, small amounts in
parentheses; crystallite sizes, D, (10\), for samples calcined at 923 K and
1073 K; BET surface areas (SAger, m? g~ ') and calculated surface areas
(SAa1e, m? g~ 1) for samples calcined at 923 and 1073 K; lattice parameters
for the hexagonal unit cell [lattice parameters for LaCoOj5: a = 5.441 A,
¢ =13.088 A, V =335.55A3 (27¢)]; observed Me-O distances (A) with
coordination numbers in parentheses; experimental (fi.,,) magnetic mo-
ments (ug); Weiss temperature (6/K).
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be suggested for the LaCo; - ,Cu, O3 samples up to x = 0.4:

(i) for x = 0: LaCo3 5, ColcO;:
(11) for x =0.2: LaCOO ZSCOI(;?SZ CUQ.202‘9;
(lll) for x = 0.4: LaCOO 21 CO{)I¥39 Cu0.402.8.

From the X-ray spectra of the LaCo, _,Cu,O; samples
(up to x = 0.4) calcined at 1073 K the lattice parameters of
the nonprimitive hexagonal (primitive rhombohedral) cell
corresponding to LaCoOj; (27e) were evaluated (Table 2).
An increase in a, ¢, and V with an increase in copper was
found. The lattice expansion is due to the replacement of
cobalt by larger copper ions [1on1c radius for octahedral
Co** =0.61 A, for Co™=0.545A4, for Cu?* =0.73 A
(12)].

The EXAFS spectra (after Fourier filtering, backtrans-
form, and fitting of the first coordination shell) gave values
for the Cu-O distances equal to 1.98 and 1.96 A for the
samples with x = 0.2 and 0.4, respectively, and around
1.92 A for Co-O in all samples (Table 2). The coordination
number, reported in parentheses in Table 2, is 6. The De-
bye-Waller factors are 0.070 + 0.001 and 0.05 + 0.02 for
copper and cobalt, respectively.

The values of the Cu-O bond length (much lower than
that expected on the basis of the sum of the ionic radii,
213 &) can be explained also in this case, as in the
LaMn, _ ,Cu,Oj; system, by the prevailingly covalent char-
acter of the Cu-O bond and/or by a D, distortion of the
copper sites.

Also, the Co-O distance is lower than that expected on
the basis of the sum of the ionic radii (Co®* -0 = 2.01 A,
Co™-0 = 1.945 A), and a covalent contribution to the bond
may be the cause of the observed difference.

XANES analysis confirmed the occurrence of the
trivalent state for cobalt. The Co K-edge XANES first
derivatives obtained for the samples with x = 0.0, 0.2, and
0.4 are shown in Fig. 13. For comparison the XANES first
derivative of Co30, (containing Co?>* and Co*") is also
plotted in Fig. 13. It may be seen that no change in the shape
and position of the peaks occurs with the variation of x. The
maximum of the derivative peak is for all samples at
~ 7725¢eV. Since the analysis of the peak derivative for
Co;0, showed the presence of three maxima at 7719, 7724,
and 7729¢V, it may be inferred that cobalt in our samples
cannot have an oxidation state greater than 3+ .

The crystallite sizes (D,,) of LaCoO3 and LaCo, gCuy »
O, .4, determined from the FWHM of the (102) diffraction
peak using Scherrer’s equation after Warren’s correction of
instrumental broadening (25), are reported in Table 2. Their
values are around 400 and 1000 A for the samples calcined
at 923 and 1073 K, respectively.

BET surface areas (SAggy), reported in Table 2, are in the
ranges 19-27 and 13-21 m? g~ ! for the samples calcined at
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FIG. 13. First derivatives of the Co K-edge XANES spectra for Co;0,
and for the samples LaCo, _ ,Cu, O3 with x = 0.0, 0.2, and 0.4, calcined at
923K.

923 and at 1073 K, respectively. The surface areas (SAcaic)
calculated for LaCoO5; and LaCo, gCuy ,0O, ¢ on the basis
of the radius of crystallite sizes and the X-ray density
(d =732 and 7.25 gcm ™3 for x = 0.0 and x = 0.2, respec-
tively) are also reported in Table 2. Note that the values of
SAger and SA., are similar for the samples calcined at
923 K, and of the same order of magnitude for those cal-
cined at 1073 K. The difference between SAggr and SA_,;. in
the latter case may be due to the fact that in the calculation
of the surface area all particles were supposed to have
a spherical shape, and this, as shown below by TEM, is not
true in our samples.

SEM patterns exhibited a not well-defined morphology
for all samples calcined at 1073 K and for all the levels of
magnification used by us (e.g., 2000, 10,000, and 20,000).
Figure 14a shows an example for x = 0.2. However, the
SEM pattern taken on the same sample calcined at 1273 K
(Fig. 14b) revealed the presence of well-formed and -defined
crystalline structures.

Figures 15a and 15b report the TEM patterns for the
sample with x = 0.2 calcined at 1073 and at 1273 K, respec-
tively. Figure 15a shows almost regular hexagonal prismatic
crystals which are connected to form “linked structures.”
The pattern reveals the presence of some “spotty crystals”
which could be interpreted as short-range ordered local
defects. Neither planar defects nor high concentrations of
other defects are visible. Note that the sample calcined at
1273 K revealed the same XRD pattern as that calcined at
1073 K. The TEM pattern of the 1273 K specimen (Fig. 15b)
shows larger crystals with evidence of a larger amount of
defective crystals and the presence of “planar faults.” It may
be suggested that at T > 1073 K the anionic vacancies
present in this sample (&3.3%) interact to form more
extended defects such as small clusters. The occurrence
of “planar faults” could be due to the presence of
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FIG.14. SEM patterns (a) for the sample LaCo, _ ,Cu,O; with x = 0.2
calcined at 1073 K (bar = 3 pm) and (b) for the sample LaCo, - ,Cu,O;
with x = 0.2 calcined at 1273 K (bar = 3 pm).

randomly oriented layers of La,CuO, not detected by X-
ray diffraction.

CONCLUSION

The following conclusions can be drawn for the two series
studied:

1. LaMn, _ .Cu,O;

i. LaMn; _,Cu,O; (x = 0.0, 0.2, 0.4, 0.6, 0.8, 1.0) are per-
ovskite-like single phases up to x = 0.6. For x = 0.8 CuO
and La,CuO, phases are present in addition to perovskite.
For x = 1.0 the material is formed by CuO and La,CuQO,.

ii. Mn(IV) is found in all Mn-based perovskite samples,
its fraction increasing with the increase in copper content.

iii. A ferromagnetic behavior, which decreases with the
increase in x, is observed.

iv. Cation vacancies in the 12-coordinated A and oc-
tahedral B sites are suggested for the materials with x = 0.0
and 0.2. For x = 0.4 the perovskite is stoichiometric, where-
as oxygen vacancies are present for x = 0.6.
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v. No evidence of defect clustering is observed for the
samples with x = 0.0 and 0.2. For the LaMng 4Cuy (O3
sample a perturbation of the structure is revealed.

2. LaCo, _ .Cu,O;

i. LaCo; _,Cu,O5 (x = 0.0, 0.2, 0.4, 0.6, 0.8, 1.0) are per-
ovskite-like single phases up to x = 0.2. For x = 0.4 a very
small amount of La,CuQ,, in addition to perovskite, is
present. For x > 0.6 massive formation of La,CuO, and
CuO, in addition to perovskite, is observed.

ii. Only trivalent cobalt, as a mixture of paramagnetic
Co** and diamagnetic Co™, is present in all samples. The
Co*" fraction is, at least up to x = 0.4, equal to = 0.34.

iii. All materials are antiferromagnetic. The antifer-
romagnetism, associated with the superexchange coupling
interaction, increases with the increase in x.

iv. LaCoOj is a stoichiometric perovskite. The substitu-
tion of cobalt by Cu?™* leads to a positive charge defectivity
which is compensated by oxygen vacancies.

v. Short-range ordered local defects are present in sam-
ples calcined at 1073 K. A higher degree of defectivity and

FIG.15. TEM patterns (a) for the sample LaCo; _ ,Cu, O3 with x = 0.2
calcined at 1073 K (bar = 50 nm) and (b) for the sample LaCo,;_,Cu,O3
with x = 0.2 calcined at 1273 K (bar = 10 nm).
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“planar faults” are observed in copper-containing samples
calcined at 1273 K.
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