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Catalysts for Low-Temperature Methanol Synthesis. Preparation of 
Cu-Zn-Al Mixed Oxides via Hydrotalcite-like Precursors 

Cu-Zn-Al-mixed oxides are well-known 
as catalysts for methanol synthesis and the 
gas shift reaction at low temperature (Z-5) 
and references in (4)). In a previous paper 
we have investigated the influence of the 
preparation conditions on the nature of the 
precursors (6). By precipitation at constant 
pH, we obtained a compound with a struc- 
ture similar to that of the natural hydrotal- 
cite, Mg~A12(0H)&03* 4H20. Whether the 
compound was obtained pure or not de- 
pended on the ratio between the elements 
(7). 

The aim of this paper was to carry out an 
in-depth investigation into the nature and 
characteristics of this ternary compound 
and its evolution with the calcination tem- 
perature until the formation of the oxide 
phases. 

EXPERIMENTAL 

The compounds have been prepared by 
precipitation at constant pH with 
NaHC03 (7); to obtain an acceptable hy- 
drotalcite-like phase yield, the Cu-Al sys- 
tem was prepared by decomposing in vac- 
uum the copper ammoniacal complex on 
~-A1~03 (Akzo-Chemie, grade E) (6, 8). 

XRD powder patterns were collected us- 
ing a Philips goniometer, equipped with a 
stepping motor and automated by means of 
a General Automation 161240 computer. 
The radiation used was the nickel-filtered 
Ct.&& (A = 0.15418 nm) and, for an accu- 
rate determination of d values, silicon was 
employed as an internal standard. Ob- 
served d spacings were indexed on the ba- 
sis of a-trigonal unit cell, and the space 
group R3m, in a similar way to the data 
reported for the natural hydrotalcite (9). 

The cell constants were refined using a 
least-squares program. 

For the calcined samples, both the phase 
composition and the crystal sizes were de- 
termined by a profile-fitting method, com- 
paring the observed profiles with the com- 
puted ones, calculated, according to 
Allegra et al. (IO), from structural data (II- 
13). 

The ESR spectra were recorded on a 
Varian E- 112 X-band spectrometer, 
equipped with a variable temperature ac- 
cessory, using a DPPH sample as a refer- 
ence standard. The spectra were doubly in- 
tegrated by means of a Varian E 900 ESR 
Data Acquisition System. Relative spin 
density was obtained through a Varian 
standard weak pitch on KCl. 

RESULTS AND DISCUSSION 

In addition to the element ratio, also the 
preparation steps influence the formation of 
the different phases: we observed the pres- 
ence of a hydrotalcite-like compound al- 
ready after the precipitation. By washing 
the precipitates to eliminate the nitrate ions 
and to reduce the sodium content to less 
than 0.03% (as NazO), we destroyed par- 
tially the hydrotalcite-like phase, forming 
for example the more stable malachite. This 
phenomenon considerably increased by 
heating the precipitate as a slurry to make 
easier the elimination of the sodium ions 
with a brief washing. 

In all cases, however, the hydrotalcite- 
like phase was already present in the first 
precipitate and no aging procedure was 
necessary for its formation. A typical X-ray 
powder pattern of a pure hydrotalcite-like 
phase dried at 90°C is shown in Fig. 2 (pat- 
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TABLE 1 

X-Ray Powder Data of the (Cu,Zn6-3A12(0H)16CO~ . 4Hz0 Series 

hk 1 x=0 III0 x=2 I& x=3 I/IO x=6 IlID 

d dcalc ohs d da,, obs d da,, abs d &a,, ohs 

00 3 7.596 7.600 100 7.525 7.540 100 7.506 7.485 100 7.613 7.610 100 
00 6 3.800 3.800 44 3.770 3.770 43 3.749 3.743 42 3.807 3.805 40 
10 1 2.644 2.645 9 2.640 2.642 8 2.642 2.641 8 - 2.637 - 
01 2 2.593 2.593 42 2.589 2.589 41 2.581 2.588 42 2.586 2.586 40 
10 4 2.412 2.413 11 2.404 2.407 9 2.404 2.404 10 - 2.408 - 
01 5 2.299 2.300 33 2.293 2.293 35 2.287 2.289 33 2.296 2.295 30 
10 7 2.062 2.062 5 2.053 2.054 5 2.049 2.048 5 - 2.059 - 
01 8 1.946 1.946 30 1.936 1.937 29 1.928 1.931 28 1.944 1.944 30 
1 0 10 1.732 1.732 11 1.723 1.723 10 1.717 1.716 11 1.731 1.731 10 
0 1 11 1.636 1.636 5 1.626 1.627 5 1.618 1.619 5 - 1.636 - 
11 0 1.538 1.538 13 1.535 1.536 12 1.536 1.536 11 1.533 1.533 10 
I1 3 1.507 1.507 15 1.505 1.505 15 1.505 1.504 14 1.503 1.502 10 
1 0 13 1.464 1.465 5 1.457 1.456 4 1.450 1.449 5 - 1.465 - 
11 6 1.425 1.425 7 1.423 1.422 6 1.420 1.421 6 - 1.422 - 

Note. dml spacings (nm) x 10; I/IO from integrated areas. 

tern a), while Table 1 reports the X-ray 
powder data for the different Cu/Zn ratios. 

All characteristics of X-ray data and 
spectra suggest an isostructurality with the 
minerals hydrotalcite, pyroaurite, and 
stichtite, the crystal structures of which 
have been reported by Allmann (14, 25). 
Therefore, the structure of our compounds 
can be described as an alternation of posi- 
tively charged brucite-like layers 
[Ms”M2”‘(OH)16]2+, in which all cations are 
randomly distributed among the octahedral 
position, and disordered negatively charged 
interlayers [CO3 * 4HzO12-. The OH layer 
sequence is the rhombohedral -BC-CA-AB- 
BC- (A, B, C, or three threefold axes in x, y 
= 0, 0; 4, 5; 3, 8. 

On the basis of the hydrotalcite struc- 
ture, the changes in the lattice parameter a 
should be directly related to the changes in 
the thickness of the brucite-like cationic 
layer, the variations are small, due to the 
similar ionic radii of Cu2+ and Zn2+ hexa- 
coordinates (26). The length of the c axis 
mainly depends on the nature and steric re- 
quirements of the anions and the content of 
water molecules in the interlayer. 

The best packing conditions are obtained 

when the atomic ratio r = Cu/ Cu + Zn is 
close to 0.5, to which correspond also the 
best conditions for the ternary phase forma- 
tion and the greatest phase purity. 

We may note from Fig. 1 that in the range 
of r from 0 to 0.5, in which the hydrotalcite- 
like phase is always pure, both a and c de- 
crease with the rise of r, the variation of c 
being larger than that of a. In the range of r 
from 0.5 to approximately 0.9, in which the 
ternary hydrotalcite phase can no longer be 
obtained pure, being always accompanied 
by a malachite phase, which increases with 
the copper content in !the sample, the cell 
parameters vary slightly and randomly 
within a,range of values close to those for r 
= 0.5. When Y is greater than about 0.9, 
only a malachite phase can be obtained with 
the preparation of Ref. (7); a Cu/Al binary 
hydrotalcite-like phase has nevertheless 
been prepared, mixed with large amounts 
of CuO and alumina, operating in another 
way (6, 8). On the other hand, a pure hy- 
drotalcite-like phase was recently obtained 
also with r = 0.5 and Al 3 1%: this is consis- 
tent with the findings of Allmann and other 
authors (15, 17, I8), which identify phases 
with the same structure in the range Me3+/ 
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FIG. 1. Plots of crystal parameters against the atomic ratio Cu/ Cu + Zn for the (Cu,Zrt-,) 
A12(0H)&0,. 4H20 senes. 
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FIG. 2. X-Ray powder patterns of the pure hydrotalcite-like phase calcined at different temperatures 
in the range 90-450°C (every step took 4 h). 
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Me2+ + Me3+ = 0.20 to 0.33. All the param- 
eters were the same as for the sample with 
the same atomic ratio, and 24% aluminum 
content. 

In Fig. 2 we have reported the X-ray pat- 
terns of the pure hydrotalcite-like phase 
calcined at different temperatures. The dis- 
appearance of the hydrotalcite-like phase 
pattern may already be observed at 15O”C, 
with the appearance of a pattern with rela- 
tively broad lines, very similar to hydro- 
zincite and/or aurichalcite ones. In the 
range 150-35O”C, the progressive decrease 
of the hydroxycarbonate phases and the 

consequent increase in the oxide phases 
may be observed. At 350°C the total con- 
version into oxides is reached, with mini- 
mum crystal size. At higher temperature, 
up to 450°C only a small amount of sinter- 
ing phenomena is observed. 

The ESR spectra of the hydrotalcite-like 
phase calcined in the range 90-450°C are 
reported in Fig. 3: at the first calcination 
steps, a very large band, several thousand 
Gauss wide, probably caused by the Cu2+ 
ions in the hydrotalcite crystal lattice, may 
be observed. As the calcination tempera- 
ture increases, the intensity of this signal 

Magnetic field (G 1 

FIG. 3. ESR spectra of the pure hydrotalcite-like phase calcined at different temperatures in the 
range !JO-450°C (every step took 4 h). 
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tends to disappear. The main feature of the 
ESR spectrum of the sample calcined at 
350°C is the presence of two overlapping 
signals, an anisotropic line shape with a hy- 
pet-fine structure (g,, = 2.31, AlI = 15 mT, g, 
= 2.07, and Al unresolved), and a broad 
symmetric line at g = 2.15 with AH = 
500 G. 

In the past, Schischkov et al., in a study 
of similar systems, had attributed the aniso- 
tropic signal to Cu2+ ions stabilized in the 
octahedral vacancies of the crystal lattice 
of ZnA120J, whereas they attributed the 
symmetric signal to Cu2+ ions in the crystal 
lattice of the spine1 CuA1204 (19, 20, 21). 

However, a large fraction of the copper 
appears to escape detection by ESR, proba- 
bly on account of the spin pairing. The per- 
centage of the measured ESR intensity with 
respect to the theoretical total intensity due 
to Cu” is correlated with the dispersion of 
the copper in the diamagnetic phases. 

Attributing this effect to spine1 phases 
only, according to Refs. (19-21), there 
should be a linear relation between the in- 

tensity of the ESR signal and the Cu/Al ra- 
tio. This relation is however poorly sup- 
ported (correlation index 0.73), and it is 
doubtless better to consider the Cu/ Zn + Al 
ratio (correlation index 0.93) (Figs. 4A and 
B, respectively). Both ZnO and the spinels 
(MAl,O& therefore, in the systems ana- 
lyzed, contribute to the magnetic dilution of 
the copper. 

After calcination at 350°C for 24 h, the 
total decomposition of the precursors, with 
the formation of CuO and ZnO was re- 
vealed by means of X-ray diffraction. While 
on the one hand there has been no evidence 
of the presence of free A1203, probably ow- 
ing to the very small quantity of it and/or to 
its amorphous state, some evidence, albeit 
slight, of the presence of type MA1204 (M = 
Cu,Zn) spinels has been obtained. 

From Table 2, one may note how mixed 
systems supply for both the oxides, much 
smaller crystallites than those of the CuO 
and ZnO samples obtained from malachite 
and hydrozincite, respectively. Further- 
more, it has been observed that the lowest 
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FIG. 4. Inten6ty of the ESR signal as a function of the Cu/AI ratio (A) and of the CulZn + Al ratio (B) 
in the samples calcined at 350°C for 24 h. 
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TABLE 2 

Crystal Size (nm) of CuO and ZnO Obtained by Calcination of the Precursors at 350°C 
for 24 h 

Identified compounds 
(after drying at w”C) 

Ratio 

Cu/Zn Cu + ZnlAl 

HY; M 
HY; M 
HY; M 
M; HY 
HY; M 
HY 
HY; quasi-amorphous phases’ 
HY; quasi-amorphous phases” 
HY 
HY 
Malachite* 
Hydrozincite* 

2.0 9.0 
2.0 4.9 
2.0 3.2 
1.0 9.0 
1.0 4.9 
1.0 3.2 
0.5 9.0 
0.5 4.9 
0.5 3.2 
1.0 2.2 
- 
- 

- 
- 

Crystal size 
(nm) 

(after calcina- 
tion at 350°C 

for 24 h) 

cue ZnO 

6.0 6.0 
6.0 4.0 
6.0 2.5 
6.0 7.0 
3.6 4.4 
3.0 4.6 
3.6 7.0 
3.0 5.0 
4.0 6.0 

Cl.5 Cl.5 
9.5 
- 17.0 

0 X-Ray patterns similar to those of hydrozincite and/or aurichalcite. HY = hydrotalcite; M 
= malachite. 

* From E. Merck, Germany. 

values were obtained in the case of samples 
in which the hydrotalcite-like phase was 
prevalent and for the element of which less 
was present. 

It does not seem necessary for this ter- 
nary phase to be pure, its considerable 
prevalence over any satellite phase being 
sufficient. However, the lowest crystal 
sizes were obtained for the sample with the 
highest aluminum content. 
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