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Compounds of nominal composition LaZr,_,Cu,O; (0 =
X = 1) have been prepared by thermal decomposition in air of
precursors prepared by the amorphous citrate method. X-ray
diffraction has been used to determine the phases present in
the material following calcination at 973 K and fotlowing calcina-
tion and reduction at 973 K. X-ray photoelectron spectroscopy
(XPS) was used to obtain information regarding electronic state
and concentration of elements in the surface layers, while thermal
gravimetric (TG) studies in hydrogen indicate the relative stability
of copper species towards reduction. For all values of X except
1, the pyrochlore phase, La,Zr;0; was obtained. CuO was
detected for all values of X greater than 0, whereas LaCuO,
and La,CuO, were only detected for values of X > 0.3, These
phases containing copper were reduced within the temperature
range 350-800 K, leading to formation of metallic copper and
La(OH); and Lay0;. © 199 Academic Press, Inc.

INTRODUCTION

Perovskite-type oxides have the general formula ABQO,
where the possible range of cations in the A and B posi-
tions may be predicted in terms of a tolerance factor by
considering the limits of the sizes of the two cations (1).
The range of materials of this type may be considerably
increased by partial substitution of cither the A or Bion by
a third cation or of both A and B to produce a substituted
perovskite containing four different cations. Partial sub-
stitution by a cation of valence less than 3 may lead to
the formation of complex oxides while still retaining the
perovskite structure. Perovskite materials offer the possi-
bility of relating structure to catalytic activity and selectiv-
ity (2). Generally the A cations are catalytically inactive,
whercas metal ions in the B position, which are active,
may be partially substituted, leading to significant selec-
tivity changes for a given reaction. Previously in this
laboratory, copper-containing perovskites of the type
LaM,_yCuyO,, where M = Mn and Ti, have been pre-
pared and characterized (3, 4), and their activity and selec-
tivity in CO hydrogenation have been tested (3, 6). The
present paper outlines the preparation of materials of the
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general formula LaZr, _,Cu, O, and the characterization
by XPS, XRD, and TG analysis.

EXPERIMENTAL

Materials

The amorphous citrate precurors of the materials of
nominal composition LaZr,_,Cu,0, were prepared ac-
cording to a previously published method (7). To a con-
centrated solution of the metal salts in the desired propor-
tion, containing lanthanum nitrate from Fluka, zirconium
acetylacetonate from Fluka, and copper acetate from
Carlo Erba, a concentrated solution of citric acid (Merck)
was added such that the number of gram equilvalents
added was the same as the total number of gram equiva-
lents of metal. Due to the limited solubility of copper
acetate, nitric acid was added to aid dissolution. The solu-
tion was evaporated at 343 K under reduced pressure
until a viscous syrup was produced. This material was
then dried in air at 383 K to produce a glassy salid, before
calcination at the higher temperature. The latter stage
involved heating at 5 K min~! to 973 K and then main-
taining this temperature for a period of 5 hr, Other materi-
als used in XPS or TG experiments were CuO (Mallinck-
rodt), ZrQ, (Merck), and La,0, which was obtained by
thermal decomposition of La(NQ,), - 6 H,0 (Fluka) at 673
K in air.

Methods

X-ray photoelectron spectra were recorded using a VG
ESCALAB 200R spectrometer equipped with a MgKa
X-ray source (he = 1253.6 eV) and a hemispherical elec-
tron analyzer. Powdered samples were pressed inside
small stainless-steel cylinders and outgassed in the pre-
treatment chamber at 1073 torr before transferring into
the analysis chamber. Either 20 or 50 (in the case of Cu)
eV energy regions of the photoelectrons of interest were
scanned at a pass energy of 50 eV, enabling good resolu-
tion and reasonable acquisition times. Each spectral re-
gion was averaged over a number of scans in order to
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obtain good signal-to-noise ratios. The carbon ls peak
with binding energy of 284.9 eV was used as an inter-
nal standard.

Thermogravimetric studies were conducted using a
Cahn 2100 RG microbalance, operating at 10 ug accuracy.
Between 30-80 mg of the sample was heated (4 K min~")
in a flow (60 cm® min~") of He up to 673, or 423 K in the
case of the CuO reference, and then cooled to approxi-
mately 373 K under He. The sample was then heated (4
K min~")ina flow (60 cm® min ") of H, to 973 K and weight
losses were assumed to be the result of the reduction of
oxides of copper.

XRD analysis was performed using a Phillips PW 1716/
30 diffractometer using nickel filtered CuKe (0.154 nm)
radiation. The diffraction patterns were recorded over the
range of 28 angles between 5 and 70°, and the 4-spacings
were compared with the ASTM powder files to confirm
sample identity.

RESULTS AND DISCUSSION

XRD of Oxidized Samples

The citrate preparation method is chosen as perovskites
are formed at lower temperatures than for processes invo-
ling other amorphous precursors. This lower calcination
temperature subsequently gives rise to the formation of
oxides which display higher BET surface areas (2, 7-9),
with the greatest loss in surface area due to sintering
being observed in the temperature range 973-1203 K (2).
Samples calcined at 773 X exhibited a single broad peak
corresponding to a d-spacing of ca. 0.3 nm, indicating that
the material was still essentially amorphous after such
treatment. Diffractograms obtained following a calcina-
tion procedure of 5 hat 973 K are shown in Fig. 1. Increas-
ing the calcination time from 5 to 16 h at 973 K did not
alter the diffraction pattern, whereas increasing the tem-
perature from 973 to 1073 K resulted in slightly sharper,
more defined peaks, indicative of a more ordered, crystal-
line sample. However, in the interest of obtaining samples
with the maximum possible surface areas, 5 hat 973 K was
selected as the standard preparation procedure. Peaks
labeled Al refer to the aluminum template used to support
the samples during analysis. For all samples other than
X = 1, lanthanum zirconate was present as may have
been predicted from the phase diagram of ZrO,-La,0;
(10), where La,Zr,0, is formed regardless of the propor-
tions of both oxides. For X = 0, La,Zr,0; was the only
detected phase. The high-temperature stable form of ZrO,
has the fluorite structure, which may be stabilized follow-
ing cooling to room temperature by the addition of dopant
ions such as yttrium or lanthanum (11, 12). These stabi-
lized zirconias contain randomly distributed oxygen va-
cancies. When an equimolar amount of a suitable trivalent
cation (such as La’™" here) is added, the pyrochiore struc-
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FIG. 1.
tion LaZr,. yCuy0, following calcination at 973 K: (A) La,Zr,0;, (B)
Cu0Q, (C) La,Cu0y,, and (D) LaCu0,.

X-ray diffraction patterns of samples with nominal composi-

ture A,B,0, is formed. This may be regarded as a fluorite
structure with an ordered arrangement of oxygen vacanc-
ies (13). For all values of X other than 0, copper(1]) oxide
was detected. This was the only copper-containing phase
present for X = 0.3, whereas at higher copper substitu-
tion, La,CuQ, and LaCuO; were present. The synthesis
of pure LaCuQ; (14) and mixed La,Cu0Q,, LaCu0O,, CuO
phases has been reported during the preparation of
LaMn, _ yCu,0,(15, 16); however, the LaCuQ, phase was
not identified in recent studies using preparation proce-
dures identical to those used here where copper was sub-
stituted for B cations Mn and Ti (3, 4, 6). It was suggested
(3, 4) that the oxygen-deficient structure LaCuQ,; (or
La,Cu,0;) underwent decomposition under the experi-
mental conditions.

La,Cu,0,—— La,Cu0, + CuO. (n
However, this oxide has a tolerance factor (1) as defined

byt =r, + ro/V2(ry + 1g) of 0.86 (where r,, rp, and rg
are the ionic radii of La**, Cu®*, and O?~, respectively)
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and which lies within the limits of 0.75 < ¢ < 1.0 which
allows for the existence of the perovskite structure. The
lack of consistency between these studies may result from
the difficulty in distinguishing between the diffraction pat-
terns of LaCuQ, and La,Cu0Q,. Four of the most intense
peaks for LaCu0, are due to reflections from planes with
d-spacings 0f 0.2716,0.1932, 0.1588, and 0.1581 nm which
compare with peaks which appear at 0.2704, 0.1904,
0.1593, and 0.1583 nm in the diffractogram of La,Cu0O,
(17). Fortunately, relative intensities (17) of 25 and 45%
for the (030) or (300} and (214) planes with d-spacings of
0.1588 and 0.1581 nm, respectively, of LaCuQ,, and of
only 4% for the (133) and (313) reflections from La,CuQ,
planes with d-spacings of 0.1593 and 0.1583 nm, assist
in identification. Additionally, minor peaks due to the
reflections of the 110 and 202 planes {0.2752 and 0.2241
nm) help confirm the assignment. The structure A,BO, or
AO(ABOQ,) is related to the perovskite structure since the
B atoms have the same 6-coordinate arrangement of oxy-
gens. However, the A atoms are 9 coordinated to oxygen,
whereas they have 12 oxygen neighbors in the perovskite
structure. La,Cu0,, which is formed here for values of
X > 0.3, can be regarded as perovskite sheets, LaCuQ,
separated by layers of LaO.

At X = 0, no evidence was found for the presence of
the perovskite structure LaZrO,, , , although the structure
falls within the tolerance limits with a value of t = (.81,
somewhat less than for the ideal structure with value
t = 1. It would appear that in order to maintain electroneu-
trality, the pyrochlore structure A,B,0- is favored against
a distorted perovskite structure with an anion excess.
Materials of the type A,8,0,, in which separate blocks
of perovskite-type structure four octahedra thick exist,
are known, eg., Sr,Ta,0,(18). Perovskite structures toler-
ate large oxygen deficiencies better than small oxygen
excesses and in this case the excess required for electro-
neutrality would be rather large.

XPS of Oxidized Samples

The surface of the samples calcined at 973 K was exam-
ined by XPS following outgassing in high vacuum, and

TABLE 1
Binding Enetgies (¢V) of Core Electrons in LaCuyZr,_0;
Sample Ols Ladds, Zrids, CuZpy;,

LaZr 529.5 102.2 181.5 —
Cuy - Zry 7 529.0 101.5 181.0 933.0
CugsZrys 528.7 101.3 179.6 932.8
Ctly7Zrg; 529.1 101.5 180.8 933.3
LaCu 528.7 101.7 — 933.4
La,0, 533.6 101.5 — —
Zro, 529.7 — 181.6 —
Cu0 528.7 — — 932.8
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FIG. 2. XP spectra of Cu2p in samples LaZr,_yCuyO, for values of
X: (a) 0.3, (b) 0.5, (©) 0.7, and (d) 1.0.

the appropriate binding energy regions corresponding to
Ols, Ladd, Zr3d, and Cu2p were recorded. The binding
energy values for the series of samples are summarized
in Table 1 along with reference compounds La,0,, ZrO,,
and CuO. For the Ols peak, the binding energy for the
L.a,0, sample is considerably higher than in any of the
other reference materials or in the LaZr,_yCu,0; sam-
ples. This may be attributed to the fact that the reference
La,0; surface is highly hydroxylated (4) with the BE of
533.6 eV representative of oxygen in hydroxyl species,
Lower BEs in the other samples are therefore representa-
tive of lattice oxygen, O~ Despite the presence of sev-
eral copper phases as detected by XRD, BEs of the
Cu2p,,, were essentially identical in all samples and in
the reference CuO. Spectra {Fig. 2) show the peaks due
to Cu2py,; and 2p,,, core levels, along with the shake-
up satellite peaks at higher binding energies which are
characteristic of Cu®* jons. In contrast to the behavior
of copper, zirconium, although present in only one phase
detectable by XRD, shows significant differences in the
nature of the surface Zr species as detected by XPS. For
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FIG. 3. XP spectra of Zr3d in samples LaZr,_yCuyO; for values of
X:(a) 0, (b) 0.3, (¢) 0.5, and (d) 0.7.

the sample where X = 0, where equimolar amounts of
Zr and La would favor the formation of a single pyrochlore
structure (13), the Zr3ds,, binding energy is essentially
tdentical to that in the reference ZrQ, {Table 1). Decreas-
ing the Zr/Laratio by increasing X from 0 to 0.5 decreases
the Zr3d,,, binding energy (Table 1) which, from Fig. 3,
can be seen as a progressive shift of the Zr3d doublet.
However, at X = 0.7, the progressive shift is interrupted
and the 3d,;, peak (Table 1) appears between those in the
samples of X = 0.3 and 0.5. Additionally, analysis of
the 3d doublet (Fig. 3) reveals a change in the relative
intensities of the 3/2 and 5/2 peaks, and a pronounced
tailing to the higher BE side of the former. These two
characteristics may be interpreted by considering the
spectrum as composed of signals from two distinct zirco-
nium species. To determine whether this may be related
to an enrichment (or depietion) or zirconium from the
surface of this particular sample, the XPS intensity ratios
were calculated (Table 2). When plotted against the nomi-
nal sample composition (Fig. 4}, it is observed that for
each sample, the surface Zr concentration as sampied by
XPS correlates almost exactly with the bulk concentra-
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TABLE 2
Surface XPS Intensity Ratios of LaCuyZr,_,O ; Samples
Sampie Cu/{La + Zn) Zr(La + Zn) C%La
LaZr 0.000 0.479 0.22
Cug,Zrg 5 0.092 0.334 0.18
Cuy sZrg 5 0.088 0.319 0.13
Cllg_jZfll! 0,148 0.254 0.13
LaCu 0.132 0.000 0.43
L3-203 —_— —_— 0.30

¢ Atomic ratios of carbonate Cls/total Ladd.

tion. Although the value for X' = 0.7 lies marginally above
the line of exact surface/nominal correlation in contrast
to all other samples, this is not considered significant.
The identification of two distinct Zr surface species for
sample X = 0.7 is attributed to the presence of a Zr-O
type species and to a hydroxide- or carbonate- (see below)
type entity.

The presence of more than one type of surface species
was also apparent for La, where XP spectra, particularly
for X = 0.7 and X = [, clearly show deviation from the
expected doublet (Fig. 5). In all cases, the spectra could
be accurately deconvoluted by assuming the presence of
two types of species (two doublets). In addition to the
major component due to the oxide, giving the binding
energies listed in Table 1, a nonoxide-type species gives
rise to a signal at higher binding energies. This would be
consistent with the presence of hydroxide- or carbonate-
type species. The presence of the latter was confirmed in
the range of the carbon 1s signal where a signal at ca. 289
eV, indicative of carbon oxygen bonding in carbonate
structures, was found. However, the calculated atomic
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FIG. 5. XP spectra of Lad4d in samples LaZr,_,Cu,O, for values of
X:{a) 0, (b) 0.3, (¢) 0.5, (d) 0.7, and (&) 1.0 show contributions due to
oxide species (---) and nonoxide species (-----).

ratios of this signal to the signal for the nonoxide type La
species ranged from 0.25 (X = 0.7) to 1.2 (X = 1.0),
indicating that a single common species (i.e., carbonate)
is not the sole contributor to the nonoxide La signal. A
mixture of carbonate, hydroxide, and hydroxycarbonate
species is probably present. Using the high BE peak of
the Cls and total area of the lLa4d peaks, the relative
proportions of carbonate species in each sample were
calculated. The results suggest (Table 2), that carbonate
is present in relatively lower concentrations in the pres-
ence of Zr than in its absence. This is attributed to the
relative basicity of the surfaces, with La in the presence
of Zr forming the relatively weakly basic La,Zr,0, phase,
and Lainits absence, where the phases La,CuO,4an La,0;
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are favored, exhibiting high basicity and hence strongly
adsorbing CO,.

In contrast with the correlation between Zr surface
and nominal compositions, surface XPS intensity ratios
calculated for copper (Table 2} indicate low detected lev-
els when compared with the nominal bulk content (Fig.
6). This would suggest the presence of particulate phases
containing copper, eg., CuO. The observation that the
surface Cu signal does not vary appreciably with an in-
crease in nominal copper content would suggest that on
increasing the Cu concentration, larger particulate phases
of copper (e.g., CuO) are formed.

Thermogravimetric Analysis

The thermograms (mg lost per gram of starting material)
in hydrogen as a function of temperature are shown in
Fig. 7 for the samples and reference CuQ. Reduction of
bulk copper oxide was initiated at 450 K and completed
by 475 K in agreement with previous experiments con-
ducted in this iaboratory (3, 4). The derivative of the
weight loss/temperature profile shows maxima at 462 and
468 K, the latter in close agreement with results of van
der Grift er al. (19}, but at somewhat lower temperatures
than maximum reported by other workers (20, 21). The
presence of two maxima in the derivative plot may be
attributed to reduction of Cuf{ll) and Cu{l} oxides as a
result of reduction of CuO to Cu via Cu,0 (20-22) as
observed for high loaded supported Cu catalysts (21). As
shown by Himelfarb et al. (22), Cu® was not formed until
all CuO was reduced to Cu,0, thus explaining the pres-
ence of two resolvable maxima here. For all samples in
the series LaZr, _ ,Cu,0,, except X = 0.3, some reduction
was observed below the onset reduction temperature of
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FIG. 7. Thermograms of reference CuO (a}, and samples with nomi-

nal composition LaZr;_yCuyQ, with values of X; (b) 1.0, (c} 0.7, {d)
0.5, and (e) 0.3.

bulk CuQ, consistent with reports that supported CuO is
reduced below the temperature of reduction of the bulk
oxide (19-21) due to the larger reductive surface area and
the number of defects at which the reduction process may
be initiated. For the samples X' = 0.7 and 1.0, a reduction
step between 650 and 750 K is consistent with those in
studies of LaTi,_,Cuy0, (3) and LaMn, _,Cu, 0O, (4) for
X = 1, where this step was attributed to reduction of
La,CuQ,.

La,CuQ, + H,—— La,0; + Cu + H,0. (2)
The generation of water during this reduction would lead
either to surface hydroxylation or to the formation of bulk
hydroxide, La(OH), (see following section). A reduction
stage with a maximum rate at ca. 700 K in the sample
X = 0.5 was not clearly discernible despite the detection
of the La,CuQ, phase by XRD. A maximum of two clear
reduction stages was observed for materials LaTi,_,
Cu,0, (3) and LaMn, _5Cu, O, (4) only in the case of the
sample with X = 1. However, other substitution values
led to complex reduction profiles due to the presence of
three reducible copper-containing phases, although the
reduction steps were not clearly resolved. Similarly, here
three clear reduction stages were not observed for any of
the samples despite the detection of three copper phases
by XRD. Samples X = 0.3 and 0.5 show an initial weight
loss below 500 K, indicating reduction of CuQ, the only
copper-containing phase identified by XRD for sample
X = 0.3. Above 500 K there is a gradual but continual
weight loss. Unlike the thermograms of samples X = 1
and 0.7, the temperature range between 500 and 600 K
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was not marked by an absence in weight loss for the lower
substituted samples. This may indicate the slow reduction
of other copper-containing phases, as detected by XRD
for the X = 0.5 sample, or the decomposition/hydrogena-
tion of other species not removed during the pretreatment
in He. Weight losses of 23.4, 39.9, 56.3, and 83.0 mg/g
compare with theoretical values of 17.5, 30.2, 41.3, and
63.9, mg/g for reduction of copper in the samples where
X = 0.3 to 1, clearly indicating the presence of an addi-
tional source of weight loss in hydrogen. Attempts to
remove such species by the use of higher temperature
pretreatments led to further complications. When samples
were pretreated in flowing He up to 973 instead of 673
K, the subsequent weight losses in H, were less than the
theoretical values for complete reduction of copper in
the samples. Also, the sample weight loss below 500 K
appeared to show a correlation with the period of time
for which the sample was left at 973 K in He. This would
suggest a degree of decomposition of copper oxide in He
at this temperature, and would be consistent with XPS
results of other copper-containing mixed oxides (3, 4)
where degassing at 723 K resulted in elimination of the
shake-up satellite peaks, characteristic of Cu?*, from the
spectra. However, this need not implicate Cu?, since the
ligand — 3d charge transfer responsible for such satellites
would also be inoperative for Cu*, which also contains
completely filled d-shells. Outgassing or heating in inert
atmosphere above 723 K may not result in complete de-
composition of CuO to Cu (3, 4) but may lead to the
formation of Cu,0. Additional weight losses in H, above
the theoretical amounts for samples heated in He up to
673 K would suggest the presence of a stable surface
species which decomposed or was reduced in H; at tem-
peratures above 650 K.

In this respect, DRIFTS spectra of samples outgassed
at 673 K exhibit an intense doublet with maxima at 467
and 1395 cm~' (Fig. 8). This doublet is characteristic of
carbonate species, and shows a greater degree of correla-
tion with the spectrum of carbonate specics on La,0, or
La(OH), (1500, 1390 cm ') (23) and the spectrum of bulk
Lay,(CO;), - 8H,0 (1460, 1360 cm™'} (24) than carbonate
species on ZrQ, (25). Additionally, species derived from
CO, adsorbed on Zr0, are readily decomposed to CO,
and CO in flowing He in the temperature range 393-453 K
(26) in contrast with the behavior of lanthanum carbonate
species, which are stable to outgassing up to 973 K (23).
These bands cannot be assigned to incompletely decom-
posed precursor citrate, as previous infrared studies
clearly show the elimination of bands due to these species
following calcination in air at 573 K (27). Therefore weight
losses in H, above the theoretical values for samples pre-
treated in He up to 773 K are attributed to decomposition
or hydrogenation of surface carbonate species which are
ligated to exposed La’* cations. In agreement with the
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FIG. 8. DRIFT spectrum of LaZr, sCu, ;O; after in situ degassing at
673 K (1 hr).

results from XPS analysis, which showed carbonate spe-
cies to be more abundant for sampies in the absence of
Zr,sample X = 1 displayed the greatest excess weight loss
above the theoretical value calculated for the reduction of
copper oxides,

In contrast with a previous report for copper-containing
mixed oxides (6), samples foliowing reduction at either
773 or 993 K in hydrogen exhibited color changes to black
from the brown of the calcined samples, and for the re-
duced sample X = 1, no reddish tinge (6) was observed.

XRD of Reduced Samples

XRD profiles of samples reduced (from TG experi-
ments) at 973 K are shown in Fig. 9, along with identifica-
tion of phases present. Samples reduced at 773 K showed
the presence of the same phases for each sample, although
the relative intensities and peak widths did not correlate
exactly. Additionally, for samples reduced at 773 K, as
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for those at 973 K, no traces of oxidized copper phases
were identified, confirming that in the TG experiments,
weight losses between 650-750 K represent the highest
reduction temperature of copper-containing species, and
that no unreduced copper species exist beyond this tem-
perature. Copper metal (111 and 200 reflections) were
observed for each sample (except X = 0), with peak
intensities increasing with an increase in the value of X.
All samples other than X = 1 showed the La,Zr(O, phase,
which was the only oxide phase detected in the cases of
X = 0.3. La,0; appears in the diffraction pattern of sam-
ples X = 0.5, 0.7, and 1, while La(OH), was detected
only for the latter. The presence of La,0,, La(OH),, and
Cu phases for reduced samples compares with previous
results (3, 4) for mixed oxides of nominal composition
LaCuQ,. Similarly, La,0;, but not La{OH);, was de-
tected for lower substitutions of Cu. This may be attrib-
uted to the quantity of water produced during reduction:
this being greatest for the highest Cu; La ratio. Complete
hydration to the trihydrate may be expected for La,0,
samples exposed to moisture over a longer period of time,
being transformed via LaOOH (3, 4, 28).

Copper crystallite sizes were determined by XRD line
broadening from the FWHM of the Cu(111)} line in the
XRD profiles of the samples reduced at both 773 and 973

Al

28

FIG.9. X-ray diffraction patterns of samples with nominal composi-
tion LaZr,_yCu,0, following reduction at 973 K: (A) La,Zr,0, (B} Cu,
(C) La,0,, and {D) La(OH),.
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TABLE 3

Surface Areas and Copper Particle Size in Reduced Samples
Surface

LaCuyZr,_;04 Teep 773 K Tpep 973 K area
X dnm) d(nm) (m’g™")

1.0 — 32 .3

0.7 30 30 2.6

0.5 17 30 2.0

0.3 30 32 1.3

0.0 — — 0.9

K (Table 3). Unlike resuits for LaTi,_,Cu,0, (3) and La
Mn,_,Cu, 0, (4), the d values for Cu® show no strong
dependence on the copper content of the sample. For
substitution, X = 1 in LaMn,_,Cu;0,, Rojas et al. (4)
obtained a copper particle of d = 80 nm after sample
reduction at 973 K, and attributed this large particle size,
relative to lower substitutions, to the absence of the per-
ovskite phase. The detection of a significantly smaiier
particle size obtained in this study reduced under similar
conditions may conversely be attributed to the presence
of the LaCuQ; perovskite phase, thereby stabilizing the
copper in this phase against sintering during high tempera-
ture reduction. Increasing the reduction temperature from
773 t0 973 K did not have a significant effect on the disper-
sion except in the case of X = 0.5, where the higher
reduction temperature favored the formation of a larger
copper particle size

Surface Area Measurement

The surface areas of the calcined materials as measured
by N, adsorption at 77 K for samples degassed at 413 K
are shown in Table 3. Measured areas were low, with a
general trend of increasing area with an increase in the
value of X the exception being for X = I, where the
pyrochlore phase is absent. The presence of this phase
may be partly responsible for the lower areas obtained
by replacing Cu with Zr rather than Mn (4, 6). However,
for complete substitution, this cannot be responsible
for differences here and in previous studies
(4, 6). One possibility is that low surface areas were the
result of the highly exothermic one-step decomposition
due to the oxidation of the citrate chains at 553 —573 K
as observed in previous studies involving Cu containing
precursors (27). Such uncontrolled ignition of samples
may also explain differences in the phases detected here
and elsewhere (3, 4) for the X = 1 samples. Heating in
N, beyond this temperature followed by heating in air to
the required calcination temperature may overcome this
problem, whereas heating directly to the upper calcination
temperature in N, resulted in heavily carbonized samples
which exhibited low surface areas (9). However, in con-
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trast, Bell and co-workers, using two sets of identically
prepared precursors, inexplicably obtained identical sur-
face arcas for materials calcined at 973 K in air (4) and
He (6).

CONCLUSIONS

Compounds of general formula LaZr, _;Cu,0; do not
incorporate Zr into a perovskite structure, but favor the
formation of the pyrochlore, La,ZrO,. For the fully sub-
stituted compound, LaCuQ, was detected, in contrast
with previous observations, indicating that the exact con-
ditions regarding formation of this phase are very select,
This phase was not reduced in a stage readily distinguish-
able from the reduction of the other Cu-containing phases,
La,CuO, and Cu0O. TGA, XPS, and IR analysis indicate
the surfaces of all samples to be partially covered with a
carbonate species, although the proportion covered by
this was high only in the absence of zirconium, where
basic lanthanum oxides were present.
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