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Substituted perovskites of the type LaTii-,Cu,O, have been synthetized and characterized by means 
of X-ray diffraction, temperature-programmed reduction, and X-ray photoelectron spectroscopy. For 
the unsubstituted (x = 0) and substituted x = 0.2 compounds, the only phases present were La,O, * 
2Ti0, and LaZOr .3TiO,,s in the former case, and these two mixed oxides together with CuO, La,CuO,, 
and 2La,O, . 3Ti02 in the latter. For higher substitutions in the range 0.3 5 x 5 0.8, the perovskite 
structure was observed, while for x = 1 the only phases were CuO and La&uO, . The TPR profile for 
LaTiO, showed a very small weight loss, which indicates a high stability of the oxide. Samples with 
substitutions 0.2 5 x s 0.8 revealed two reduction steps of Cu’+ to Cu”: first at a low temperature, and 
in a very narrow temperature window, due to the separate CuO phase, and second at a higher 
temperature, extending in a very large temperature range, due to the perovskite phase. Finally, in the 
fully substituted (x = 1 .O) sample reduction of CuO and LazCuOd phases were clearly differentiated. 
In addition, XPS data revealed that reduction of LaTii-,Cu,Or (x = 0.2 and 0.4) samples yielded 
maximum copper exposure at temperatures ca. 623 K while copper particles underwent important 
sintering at higher temperatures of reduction. o 1990 Academic press, IX. 

Introduction tailoring specific properties. This accounts 
for the great variety of reactions in which 

Perovskite-type oxides, of the general for- the perovskites have been used as catalysts 
mula ABO, , have long been studied because (see, e.g., (5) and references therein). More- 
they exhibit technologically important phys- over, the A ions are, in general, catalytically 
ical properties (1-4). The diversity of prop- inactive, and the active transition metal ions 
erties of the perovskites is derived on one at the B position are placed at sufficiently 
hand from the large variety of A and B ions large distances from each other (ca. 0.4 nm) 
which fit into the crystal structure, and on so that a gas molecule can interact with a 
the other hand from the variation in the va- single site (6). 
lence states of the transition metal ions As special interest has recently been fo- 
which can be controlled by the proper cused on the production of oxygenated com- 
choice of the A ions. Substituted perov- pounds from syngas (CO + Hz), it was pos- 
skites of the type A,-,A’BO,, AB, -YBi03 tulated that some reducible perovskites 
or even A,-,A:B, -,,BiO, (where A’ and B’ could be used as model catalysts for this 
are ions substituted into the A site and B reaction. Unsubstituted LaRhO, (7-10) and 
sites, respectively) add to the capability of substituted LaM,,,Ch,,O, (M = Mn, Ti) 

(II, 12) have hence been used for such a 
* To whom correspondence should be addressed. purpose. Broussard and Wade (II) reported 
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that the substituted LaM,,,Cu,,,03 (x = 0.5) 
oxides exhibited high methanol selectivity, 
while the unsubstituted LaMO, (x = 0) per- 
ovskites were inactive in the formation of 
oxygenates. From data obtained with other 
perovskites these authors also concluded 
that the catalytic centers responsible for the 
reaction are the higher valence surface cat- 
ions in the B position (Bs+ ,6 > 0). Likewise, 
in very recent work Brown et al. (12) studied 
the CO hydrogenation over LaMni -$u,03 
(x = 0.0-l .O) perovskite series synthetized 
by Rojas et al. (13) and found that the 
LaMnO, (x = 0) perovskite was weakly ac- 
tive for CO hydrogenation, and produced 
only hydrocarbons, whereas the other sub- 
stituted perovskites (0.2 < x < 0.8) were 
much more active and displayed high selec- 
tivity for methanol and higher alcohols. 
These authors proposed that hydrocarbon 
synthesis occurs at Cu” sites, but that Cu” 
and Cu + sites are required for the formation 
of alcohols. It appears, therefore, that Cus+ 
(S > 0) sites should play an important role 
in the syngas conversion to oxygenates. 

With a few exceptions (8, 10, 23), the 
studies carried out so far provide little infor- 
mation on either bulk or surface properties 
of these materials. In this study, the synthe- 
sis and some bulk and surface properties of 
the family of LaTi,-,Cu,O, (x = 0.0-1.0) 
compounds are reported. For this purpose, 
temperature-programmed reduction (TPR), 
X-ray diffraction (XRD), and X-ray photo- 
electron spectroscopy (XPS) techniques 
have been used. 

Experimental 

Materials 

The substituted LaTi, -xCu,O, +s (0 I x I 
1) compounds were prepared by amorphous 
citrate decomposition as described earlier 
(14). In the synthesis, La(NO,), * 6H,O, 
citric acid, p.a. from Merck, Cu 
(CH,-COO), * H,O from Carlo Erba, and Ti 
n-(BuO), (98% ex-Ti) from Aldrich-Chemie 

were used. Other compounds employed ei- 
ther in TPR or in XPS were as follows: TiO, 
(87% anatase) from Degussa; CuO, analyti- 
cal grade from Mallinckrodt; and L+03 was 
obtained by thermal decomposition of 
La(NO,), v 6H,O, at 673 K in air, p.a. from 
Merck. 

Methods 

Temperature-programmed reduction 
measurements were conducted on a Cahn 
2100 RG microbalance, operating with 10 
pug accuracy. The 20-mg sample was first 
heated in a He flow at a rate of 4 K min-’ 
up to 673 K and then it was cooled down to 
373 K under He flow. Then the temperature 
was increased at the same rate while passing 
H, through the sample, as above, until 1023 
K was reached. The observed weight losses 
were taken as a measure of the extent of the 
reduction. 

X-ray diffraction patterns were obtained 
with a Philips PW1716/30 diffractometer us- 
ing nickel-filtered CulYa radiation. Care was 
taken with the HZ-reduced materials. To 
avoid excessive oxidation upon air expo- 
sure, reduced samples were passivated in 
1% (v/v) air: He for 12 hr at ambient temper- 
ature. The X-ray diffraction patterns were 
recorded over the range of 20 angles ranging 
from 5-70” and the d-spacings were com- 
pared with the ASTM powder files to con- 
firm sample identity. The BET surface areas 
were calculated from the nitrogen adsorp- 
tion isotherms at 77 K using a value of 0.164 
nm2 for the cross-section of the N, molecule. 

X-ray photoelectron spectra were re- 
corded on a Leybold LHS 10 spectrometer 
with a hemispherical electron energy ana- 
lyzer and MgKa (1253.6 eV) X-ray radiation 
source. The samples were pressed into small 
Inox holders and mounted on a standard 
sample rod, placed in an introduction cham- 
ber, and pumped at ca. lo-’ Torr (1 Torr = 
133.33 Nmd2) before they were moved into 
the turbopumped analysis chamber. The re- 
sidual pressure during data acquisition was 
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maintained below 7 x 10v9 Torr. Either 20- 
or 50-eV energy regions of the photoelec- 
trons of interest were acquired at 20-eV 
spectrometer pass energy, chosen as a com- 
promise to enable acceptable energy resolu- 
tion to be obtained within reasonable data 
collection times. Each spectral region was 
signal averaged for a number of scans to 
obtain good signal-to-noise ratios. Accurate 
binding energies (BE) were determined by 
charge referencing with the Cls line at 
284.6 eV. 

Results and Discussion 

X-Ray Diffraction 

X-ray diffraction patterns of the as-pre- 
pared samples with nominal composition 
LaTi,-,Cu,O, (0 < x < 1) were obtained. 
The representative XRD patterns are sum- 
marized in Fig. 1. For the X-ray pattern of 
the unsubstituted (x = 0) compound, there 
appear lines which can be indexed as be- 
longing to La,O, * 2Ti0, and La,O, * 2Ti0, 
and La,O, * 3Ti0,.9. For substitution of Ti 
by Cu up to x = 0.2 the dominant peaks in 
the XRD pattern correspond to the same 
mixed oxides, but other weak peaks indexed 
as La,CuO, , CuO, and 2La,O, * 3Ti0, oxide 
lines are observed. Substitution of Ti by Cu 
in the range 0.3 I x I 0.8 gives rise to 
the appearance of the perovskite structure. 
Although the XRD pattern of the perovskite 
is very clean, other very weak reflections 
indexed as CuO can be observed in the back- 
ground. For substitution of Ti by Cu (x = 
1.0) the only phases present are La,CuO, 
and CuO. This latter result is a little surpris- 
ing when compared with literature findings. 
For instance, the synthesis of pure LaCuO, 
perovskite has been reported by Demazeau 
et al. (25), and mixed LaCuO, perovskite 
and La,CuO, and CuO phases have been 
found by Gallagher et al. (16) and Vogel et 
al. (17) in the preparation of copper-rich 
LaMn,-,Cu,O, (0.7 5 x 5 1 .O) compounds. 
In light of these results we can infer that 
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FIG. 1. X-ray diffraction patterns (CuKa radiation) 
of oxidized LaTi,-,Cu,OJ samples. Crystalline phases 
are as follows: 1, perovskite; 2, La$uO,; 3, CuO; 4, 
LqO, . 3Ti0,,9; 5, LazOj . 2Ti02 ; 6, 2La20, . 3Ti02. 

our preparations with nominal composition 
LaCuO,,, (or La,Cu,O,) is not stable under 
the experimental conditions. 

As defined by Goldschmidt (28), 

rLa + r. 
t = VI (rcu + rO) 

(1) 

(rLa, ro, and r,, are the ionic radii of La3+, 
02-, and Cu2+, respectively), the La2Cu205 
oxide has a rather low tolerance factor of 
0.86, which explains its instability (13). Lan- 
thanides of the type La,M,O, are known for 
a variety of M2+ cations. Crespin et al. (19) 
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reported evidence of formation of La,Ni,05 
upon HZ-reduction of a LaNiO, perovskite 
at 585 K, which was transformed to La2Ni0, 
and NiO upon heating in He at 1273 K. In 
addition, Nakamura et al. (20) found 
La,NiO, and La,CoO, phases upon heating 
LaNi03 and LaCoO, oxides at 1273 K in 
a reducing atmosphere. In agreement with 
these findings, Fierro et al. (21) have also 
reported the formation of La,Ni04 after 
heating at 1073 K in He a LaNiO,., phase. 

At the other composition extreme x = 0, 
the absence of LaTiO, perovskite indicates 
that such a structure is not obtained under 
the conditions of the synthesis. Many tita- 
nates of the general formula MTiO, (M = 
divalent cation and tetravalent titanium) 
have been synthetized at moderately high 
temperatures (22-26). However, as Ti3+ 
ions are present in LaTiO, the stabilization 
of these ions occurs at very high tempera- 
tures . 

To identify the reduced species formed 
upon HZ-reduction at 950 K, XRD patterns 
of the reduced samples (Fig. 2) were ob- 
tained. As can be seen, the XRD pattern of 
the sample with nominal composition 
LaTiO, after reduction is similar to that of 
the as-prepared sample; only La,03 . 2Ti0, 
and La,O, . 3TiO,,, phases are obtained. 
This means that reduction treatment does 
not alter the initial oxide. HZ-reduction of 
substituted LaTi,-,Cu,O, (0.3 5 x I 0.6) 
samples gives rise to the products La,O,, 
La,O, * 3Ti01.9 and Cu”. Only for samples 
with x = 0.8 and 1.0 were the La(OH), and 
Cu” phases observed. In general, the intensi- 
ties of diffraction lines are lower in reduced 
than in oxidized samples. This can be due 
to disappearance of the perovskite structure 
during reduction and formation of ill-defined 
crystalline La,O, and La203 * 3TiO,,, oxides 
at temperatures slightly lower than that used 
in synthesis. Note also that the bulk La,O, 
is almost quantitatively transformed to 
La(OH), after long exposure to moisture of 
the highly substituted (x = 0.8 and 1 .O) sam- 
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FIG. 2. X-ray diffraction patterns (CuKa radiation) 
of LaTi,-,CU,O~ samples after Hz-reduction in TPR 
experiments. Crystalline phases are as follows: 1, 
La(OH),; 2, Laz03; 3, Cu; 4, LazOl 3Ti01.9; 5, La* 
O3 . 2Ti02. 

ples. Particle sizes were calculated, by 
means of X-ray line broadening measure- 
ments and using the Debye-Scherrer equa- 
tion (27). For this calculation the most in- 
tense Cu (111) peak in Fig. 2 was taken. The 
results obtained are summarized in Table I. 
By sample reduction with x = 0.4 at 970 K 
metallic copper of a particle size of 23.6 nm 
supported on a La,O, * 3Ti0,,g matrix is 
obtained. Copper particle sizes decreased 
almost uniformly for reduced samples with 
higher substitutions (x = 0.5-0.8). This may 
be interpreted in terms of copper mobility, 
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TABLE I 

CHARACTERISTICSOF THE REDUCED 
LaTi,-,Cu,O, PEROVSKITES 

Substitution Crystalline phases 

* = 0.0 La203, La,O, 3TiO,, 
0.2 La203, La203 3TiO,,, - 

0.3 La,O, , La,O, .3TiO,., , Cu - TiOt 98 
0.4 La,O, 3TiO,., , Cu 23.6 TiOl.% 
0.5 La203, La,O, 3Ti0, 9, Cu 18.1 TiOt.98 
0.6 La,O, 3Ti0, 9, Cu 14.8 TQ.9, 
0.8 La(OH), , Cu 12.6 TQ., 
1.0 La,O,, La(OH), , Cu - T%, 
1.0 La,O, , La(OH), , Cu 

’ Only the most intense Cu(ll1) diffraction peak was considered. 
b A Is the nonstoichiometry degree. 

which is greater in samples with lower sub- 
stitutions, and hence it is easier to form 
larger Cu particles. It must be noted that 
reduction temperatures on the order of 0.60 
Tamman’s temperature of Cu strongly favor 
surface diffusion and further crystallization 
of copper atoms. These copper crystal sizes 
in the reduced samples do not hinder the 
oxidation of Cu and further reaction be- 
tween the CuO, and La,O, and La,O, * 
3TiO,,, phases. This has been already con- 
firmed for the reduced sample with x = 0.4, 
which upon air-oxidation up to 973 K fully 
reversed to the original perovskite phase. 

Temperature-Programmed Reduction 

TPR profiles of the LaTi, -$u,O, perov- 
skites and the reference CuO oxide are given 
in Fig. 3. The overall reduction process of 
LaTi,-,Cu,O, oxides can be stated by the 
equation 

2LaTi,-,Cu,O, + (4x - l)H, + 
La,O, + 2xCu + 2(1 - x)TiO, 

+ (4x - l)H,O. 

Reduction of the unsubstituted LaTiO, 
compound led to a very small weight loss 
corresponding to ca. 0.4% at temperatures 
above 850 K. For substitutions 0.2 5 x I 
0.8, the TPR profiles show, however, two 
different reduction steps. The first one at 

440-570 K is very fast, and closely corres- 
ponds to the reduction of CuO to metallic 
Cu” (Fig. 3, dashed line), while the second 
one occurs at higher temperatures at a much 
slower rate, while the extent of the reduc- 
tion of both steps increases, in general, with 
substitution. It is observed that H,-reduc- 
tion of copper ions placed in the perovskite 
structure is reached at substantially higher 
temperatures than in CuO, which indicates 
the increased stability of Cu2+ ions in the 
perovskite structure. In very close agree- 
ment with these results, Rojas et al. (13) 
have shown that in LaMn,-,Cu,O, perov- 
skites, Mn4+ and Cu2+ ions are much more 
stable in a H, atmosphere than the respec- 
tive MnO, and CuO oxides. 

The fully substituted (x = 1.0) sample 
shows, however, two well-differentiated 
steps, the first one below 500 K and the 
second one above 600 K. As stated above, 

L19.90 , I I 
400 600 a00 1000 

Tr (K) 

FIG. 3. Temperature-programmed reduction profiles 
of LaTi,-,CU,O~ samples with different substitution 
degree (x): a, 0.0; b, 0.2; c, 0.3; d, 0.4; e, 0.5; f,  0.6; 
g, 0.8; h, 1.0. Dashed line corresponds to bulk CuO 
reference. 
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the low temperature TPR peak is due to CuO 
reduction, while the high temperature TPR 
peak is due to the reduction of the more 
stable La,Cu04 oxide. This assignment is 
confirmed not only by the XRD diagram 
(Fig. 2), but also by the approximately equal 
weight losses in both high and low tempera- 
ture TPR steps, which implies the distribu- 
tion of copper over both phases, viz. CuO 
and La,CuO,. Therefore, the reduction pro- 
cess for the fully substituted (x = 1 .O) sam- 
ple can then be formulated according to the 
equation 

CuO + La2Cu04 + 2H, + 
2Cu + La,O, + 2H,O. 

Further insight on the nonstoichiometry of 
the resulting TiO,-, oxide, formed upon H,- 
reduction of the LaTii -xCu,O, perovskites, 
could be gained by comparing the experi- 
mental weight changes and the theoretical 
ones, assuming reduction of Cu2+ to Cu” 
and oxidation of Ti3 + to Ti4+. The values of 
the nonstoichiometry factor (h) are summa- 
rized in Table I. A very small deviation from 
the stoichiometry is found only in the substi- 
tution range 0.3 5 x 5 0.6. However, these 
results contrast with the major crystalline 
titanium oxide (TiO,.& phase revealed by 
XRD. It must be noted that the molecular 
water, the product of HZ-reduction, reacts 
at once with La,O, to form a very stable 
LaO(OH) phase (5, 23, 28, 29) instantly or 
even La(OH), after long exposure to mois- 
ture (Table I). The small weight increase 
which also accompanies the reduction of 
perovskites is the result of two concomitant 
processes, viz. oxidation of Ti3+ and forma- 
tion of LaO(OH) by the water produced dur- 
ing the reduction. Therefore, considering 
the above interpretation, values derived 
from TPR measurements can only be taken 
as an estimate of the nonstoichiometry of 
the titanium oxide. 

X-Ray Photoelectron Spectroscopy 

XP spectra of 0 1 S, La4d, Ti2p and Cu2p 
core levels were recorded for LaTi, -$u,03 

I 

535 
1 I 

530 525 
BE (eW 

FIG. 4.01s core level spectra of LaTi&u0,403 sam- 
ples subjected to (a), outgassing at 723 K, and to reduc- 
tion in hydrogen at (b) 473 K, (c) 523 K, (d) 573 K, (e) 
623 K, (f) 673 K, (g) 723 K. 

compounds subjected to outgassing under 
high vacuum and to reduction in H, at 
473-723 K. Representative 01 S, La4d and 
Cu2p spectra of LaTi&u,,,O, perovskite 
are given in Figs. 4, 5 and 6, respectively, 
and the corresponding BE values are sum- 
marized in Table II. The 01s spectra (Fig. 
4) show the maximum at 528.9-529.9 eV and 
the line profile as depending on the pretreat- 
ments. The outgassed sample presents a 
rather symmetric 01s peak while the H,- 
reduced ones show a long tail extending in 
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La 4d 

I I I 

110 105 100 
BE (eV) 

OJ 

e 

QJ 

f’ . 
. . ..: . 

&++A 

I I I I 

960 950 940 930 
BE (eV) 

FIG. 5. Larldcore level spectraof LaT&,Cu,,,O, sam- 
FIG. 6. Cu2p core level spectra of LaT&&,,O~ 

ple. Notation is the same as in Fig. 4. 
sample. Notation is the same as in Fig. 4. 

the high BE side: the BE of the maxima are 
typical of lattice 02- ions, while the tail at 
higher BE is assigned to less electron-rich 
oxygen species, such as OH- (5,13,28-33). 
The presence of other O-species with a net 
charge of one, such as O- or 02- is ex- 
tremely unlikely, given their high reactivity. 
These results are consistent with the forma- 
tion of a LaO(OH) compound by reaction of 
surface L%O, with water produced in the 
reduction. The presence of LaO(OH) in H,- 
reduced samples is supported by the appear- 
ance of a tail in the high BE side of the 
La4& peak (Fig. 5), due to overlapping of 

TABLE II 

BINDING ENERGIES (eV) OF CORE ELECTRONS IN 

LaTi0,6Cu0,403 PEROVSKITES SUBJECTED TO SEVERAL 

PRETREATMENTS 

Pretreatment 0 1s Ti 2p,, 

Vacuum, 723 K 529.8 458.3 931.8 102.1 
HZ, 473 K 529.2 457.6 931.9 101.5 
H,, 523 K 529.0 458.0 931.6 100.9 
Hz, 573 K 529.4 457.9 932.7 101.5 

HZ, 623 K 528.9 458.4 932.4 101 .o 

Hz, 673 K 529.4 457.8 932.7 101.4 

Hz, 723 K 529.9 457.9 932.0 101.9 
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500 600 mo 
Tr (K) 

FIG. 7. Changes of the XPS CulTi atomic ratios un- 
dergone by LaTi,-,Cux03 samples when subjected to 
Hz-reduction treatments. 17, x = 0.2; 0, x = 0.4. 

a less intense La4d doublet with the more 
intense one of the La,O, phase, the former 
assigned to lanthanum oxyhydroxide (13). 

The BE’s of Cu2p electrons found after 
different pretreatments are very similar 
(Fig. 6, Table II). These values in the range 
93 1.6-932.7 eV are substantially lower (ca. 
1.2 eV) than that of Cu2+ ions. In addition, 
no satellite peaks in the high BE side of the 
principal Cu2p peak, characteristic of Cu2+ 
species (33), have been detected. All these 
facts led to the conclusion that both outgas- 
sing and reduction pretreatments give rise 
to reduced copper species, very probably 
Cu” since the perovskite surface proves to 
be much easier to reduce than the bulk. 

To get an idea of the changes undergone 
by copper upon H,-reduction, the Cu/Ti 
atomic ratios have been calculated. In this 
calculation, normalized intensities for the 
number of scans and published sensitivity 
factors (34) have been considered. In Fig. 7 
the XPS Cu/Ti atomic ratios of La 
Ti,,,Cu,,,O, and LaTi,,,Cu,,,O, samples are 
plotted against the reduction temperature. 
It is observed that the Cu/Ti ratio of the 
LaTi,&u,,,O, sample reduced at TR 5 523 
K almost coincides with the theoretical one 

(Cu/Ti = 0.67) for the stoichiometric perov- 
skite, while in the same temperature range 
this ratio is ca. three times higher than the 
nominal composition (Cu/Ti = 0.25) in the 
LaTi,&u,,,03 sample. In agreement with 
XRD data (Fig. l), this indicates that for 
substitution x = 0.2, Cu2+ ions are presum- 
ably incorporated to a separate phase differ- 
ent from perovskite. Furthermore, the XPS 
Cu/Ti ratios increase in both samples at 
higher reduction temperatures, and they 
reach a peak ca. 623 K with a subsequent 
decrease at higher temperatures. These re- 
sults show that copper diffuses toward the 
surface upon reduction, attaining maximum 
exposure at temperatures close to 623 K 
while important sintering of copper particles 
takes place at higher temperatures, This 
finding emphasizes the importance of perov- 
skite reduction and it determines the opti- 
mum temperature window to obtain maxi- 
mum copper exposure as required in 
catalytic studies. 

Conclusion 

Compounds of the type LaTi,-,Cu,O, 
have been shown to have the perovskite 
structure only in the composition range 0.3 
5 x I 0.8. For the unsubstituted (x = 0) 
and partially substituted (x = 0.2) com- 
pounds, the only phases present were 
La,O, * 2Ti0, and La,O, . 3TiO,,, in the 
former case, and these two mixed oxides 
and CuO, La2Cu04, and 2La20, . 3Ti0, in 
the latter. For the fully substituted (x = 1 .O) 
compound, only CuO and LqCuO, phases 
were detected. Although the synthesis of 
LaCuO, has been reported (15), this perov- 
skite is not stable under the experimental 
conditions used in this work. 

Copper-containing samples with substitu- 
tions 0.2 5 x I 0.8 revealed two reduction 
steps of Cu2+ to Cu”. The first, taking place 
at a low temperature and in a very narrow 
temperature window, is due to the separate 
CuO phases, and the second one at higher 
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temperatures and extending over a very 
large temperature range is due to the perov- 
skite phase. This latter finding clearly illus- 
trates the increased stability of copper ions 
in the perovskite structure. Finally, as re- 
vealed by XPS data, the most favorable con- 
ditions for obtaining a highly dispersed cop- 
per phase on the LqO, . xTi0, matrix were 
found to be those attained by Hz-reduction 
of LaTi,&u,,,OJ perovskite at temperatures 
very close to 623 K. 
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