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The activation of NdCu, NdCu;, NdCus, and CeCu, alloy precursors for methanol synthesis
catalysts has been investigated by in situ XRD observations and concurrent measurements of
methanol activity. Pressures of 2—-30 bar and temperatures in the range 300-573 K were employed.
It is shown that the formation of certain intermediate hydride phases is crucial to the eventual
production of highly active catalysts and that methanol activity does not correlate with Cu
crystallite size. CO, is a very effective poison which does not visibly affect the morphology of the
metal phase. These findings strongly suggest that the reaction mechanism which obtains here is
quite different from that which operates on conventional Cu-ZnO/Al,O; methanol synthesis

catalysts. © 1987 Academic Press, Inc.

INTRODUCTION

Although ex situ or ‘‘post mortem’’ stu-
dies of practical catalysts are capable of
yielding useful information about the
relationship between structure and reac-
tivity, the application of in situ physical
methods offers the possibility of major
progress in this field. The power of in situ
X-ray diffraction (XRD) methods has
recently been demonstrated in this labora-
tory (I, 2), and the present paper extends
this approach to an investigation of the
structural chemistry underlying the ac-
tivation of a novel type of methanol synthe-
sis catalyst. In addition to XRD mea-
surements on the solid phases which evolve
during activation of the alloy catalyst pre-
cursor and in the poisoning of the final
active material, we report on the results of
simultaneous measurements of methanol
synthesis rates as the catalyst activates,
stabilizes, and decays. Previously undetec-
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ted hydride phases are shown to be crucial
intermediates in the genesis of highly active
catalysts, and the observed lack of cor-
relation between Cu crystallite surface area
and methanol activity provides important
clues as to the nature of the active site. It
appears that the catalytic reaction me-
chanism which operates here is quite differ-
ent from that which obtains in the case of
conventional methanol synthesis catalysts.

Intermetallic compounds of copper with
various rare earth (RE) and actinide metals
have been shown to be precursors to highly
active, low temperature methanol synthesis
catalysts (3, 4). Activation of the alloy
starting material is accomplished in a
synthesis gas feed under similar conditions
of temperature, pressure, and flow to those
employed during methanol synthesis (4-6).
Discharged catalysts have been character-
ised by a variety of techniques including
X-ray diffraction, SEM, TEM, DTA,
and SIMS (5-7), vielding results consistent
with the presence of only two bulk phases,
namely, elemental copper and RE oxide.
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Scarcely any work, however, has been re-
ported on the mechanism of catalyst
genesis from the intermetallic precursor
despite abundant evidence that the ultimate
activity is critically dependent on the ac-
tivation procedure. In view of the extreme
air-sensitivity of the materials concerned,
a reliable, detailed investigation of this
process can be accomplished only by em-
ploying in situ techniques of characteri-
zation. In this paper, we present the results
of a controlled atmosphere X-ray diffrac-
tion study of the genesis, reactive behav-
ior, and deactivation of the intermetallic-
derived catalysts. The issues to be ad-
dressed reflect the initial aims of the work
which were to determine:

(a) how the catalytic activity of the ac-
tivated intermetallic is influenced by the
chemical and physical properties of the
starting alloy;

(b) the effect of temperature and pressure
on the evolution of an active catalyst from
precursor alloy and the nature and role of
any intermediates in this process;

(c) the phases present in the activated
catalyst and, more specifically, the identity
of the catalytically active species; and

(d) the mechanism of catalyst deac-
tivation and poisoning.

We report here work caried out on the
activation of binary Nd-Cu alloys (NdClu,
NdCu,, NdCus) and Ce-Cu alloys (CeCu,)
in synthesis gas at pressures of 2-30 bar (1
bar = 10° Pa).

EXPERIMENTAL

X-ray diffraction patterns were obtained
with a Siemens D500 diffractometer using
Cu K, radiation and a scintillation counter
(SC) or position sensitive detector (PSD).
The latter greatly enhances the rate at
which data can be collected and, hence,
allows the acquisition of more detailed
kinetic results without interruption of the
reaction conditions or, more generally, an
improvement in signal-to-noise for a fixed
scan rate.

A purpose-built sample cell capable of
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operating at pressures up to 50 bar and
temperatures of 700 K was utilized in the
experiments. A detailed description of the
cell is to be published elsewhere (9) but its
essential features are illustrated in Fig. 1.
The sample is retained on an aluminum
holder within a pressure vessel machined
from solid beryllium. The reactant gases
flow over the catalyst charge which is
heated by conduction from a cartridge
heater, the temperature being measured
and controlled using a thermocouple fixed
into the copper support block.

The intermetallic samples used in this
work were prepared by electron-beam mel-
ting of the constituent metals under high
vacuum, with subsequent annealing in an
evacuated quartz ampoule for 4 weeks at
673 K or 3 weeks at 773 K. In each individ-
ual run a catalyst charge of 0.10-0.25 g
was crushed to a particle size of 50-250 um
and loaded into the high-pressure cell under
an argon atmosphere. The sealed cell was
then transferred to the diffractometer and
flushed out with high purity (99.995%) he-
lium at room temperature while alignment
was carried out. Using this procedure, no
bulk oxidation of the samples prior to ac-
tivation could be detected by XRD (the
sampling depth for NdCu; is 0.5-1.8 um
over the 26 range of 20-80° studied).

Reactant gases were obtained from BOC
Ltd. (Special Gases) and used without
further purification: hydrogen (CP grade:
>99.999%  pure), premixed CO/H,
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Fi1G. 1. High-pressure X-ray diffraction (XRD) cell
(thermal insulation not shown for clarity).
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(33 : 67—impurities O, < 5 ppm, H,0 < 2
ppm, and CO, < 20 ppm), premixed CO/
CO,/H,; (32:2: 64—impurities O, < 3 ppm
and H,O < 10 ppm), oxygen, and carbon
monoxide (Research grade).

In most of the experiments reported, the
effluent gas from the reactor/sample cell
was monitored using on-line GC analysis.
Molecular sieve 13X and Porapak N col-
umns in a series/by-pass configuration
were employed to separate the components
and hence to correlate the methanol synthe-
sis activity with the structural data obtained
concurrently from the diffraction patterns.
Standard flow rates of 50 ¢cm’® (STP)/min
and 80 cm’® (STP)/min at 15-bar total
pressure were used for the Nd- and Ce-in-
termetallic experiments, respectively. Un-
der these conditions, with the precursor
charges and reactor temperatures employed,
conversions were sufficiently low that the
methanol yield determined may be taken to
be directly proportional to the initial rate.
[Note. We do not consider gas hourly space
velocity (GHSV) to be a meaningful quan-
tity in view of the variable expansion oc-
curring upon activation (see below) and the
flow conditions envisaged for this type of
reactor cell (internal volume 4.4 cm®).] In
the case of treatment in pure hydrogen,
however, the flow rate was generally re-
duced to zero once the reactor had attained
a steady temperature and any outgassing
that might have occurred during heating
had ceased.

The major technical problem encount-
ered in this study was the massive ex-
pansion which the sample undergoes during
the activation process. The consequence of
this expansion, particularly acute for the
low Cu-content precursors, was a change in
the sample diffraction plane and a gradual
shift in the peak positions to higher 20 as a
result of the loss of vertical alignment. In
addition, the peak shift was accompanied
by a reduction in the scattered X-ray in-
tensity as the gap between the sample sur-
face and a knife edge decreased; the latter
was situated just above the sample to min-
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imize scattering of the primary beam into
the detector. In the worst cases, blocking of
this aperture resulted in total loss of signal
and a premature end to the experiment.

The work presented in this paper has
been carried out on the NdCu, NdCu,, and
NdCus alloys of neodymium and copper
and the CeCu, alloy. In all cases, the
“‘structure’’ of the intermetallic precursor
is known (10). The phases produced during
the activation process have, where possi-
ble, been assigned by reference to the
JCPDS data base (/1) and the literature.
Quantitative analysis of the data has been
performed by fitting ‘‘pseudo-Voigt’ func-
tions to observed diffraction peaks to ob-
tain peak widths (FWHM) and peak intensi-
ties.

RESULTS

Before proceeding with a description of
the behavior of these systems, a number of
points relating to the interpretation of the
diffraction and activity data are worthy of
note. The presence of copper in the sample
and the use of Cu K, radiation, together
with the nature of the sample cell, gives rise
to a high background signal. In addition to
the consequent deterioration in signal:
noise, this has a number of other effects
and in particular, it affects the detection
limit for minority phases. The situation is
also complicated by the very nature of the
final phases, namely, poorly crystalline
materials giving rise to rather broad, fre-
quently overlapping diffraction peaks.

The analysis and structural assignment of
unknown phases is limited by the accuracy
to which d values (i.e., lattice spacings) can
be determined as a result of

(i) the error in alignment of the high-
pressure sample cell with the position-
sensitive detector, but more importantly, as
mentioned earlier, the loss of vertical align-
ment as the sample expands during the
course of the activation;

(ii) the poor crystallinity of many of the
phases yielding significant errors in the
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peak maxima determination and an absence
of well-defined high-angle peaks;

(iii) the absence of a good internal stan-
dard.

The low conversions employed should
ensure that the qualitative interpretation of
the activity data is not unduly influenced by
any variation in the flow/diffusion con-
ditions under which the catalyst was
operated. Much more significant is the ab-
sence of any information on the evolution
of active surface area during any particular
run and on differences in ultimate surface
areas between experiments. The possibility
of the temperature of the catalyst bed dur-
ing activation being significantly greater
than the nominal reactor temperature as a
result of the exothermicity of the oxidation
(8) also needs to be considered, although
the use of a small charge spread uniformly
over an efficient heat sink (the reactor
block) and, indeed, the thermal conductiv-
ity of high-pressure hydrogen should limit
any such effects. Under the gas flow con-
ditions (residence time ~1 min) employed,
good gas/surface equilibration is highly
likely. X-ray penetration into the loosely
packed catalyst bed is substantial, although
of course the sampling depth for any in-
dividual particle is of the order of um.

1: 1 Alloy (NdCu)

The intermetallic compound NdCu has
an FeB-type structure (¢ = 7.279 A, b =
4.514 A, ¢ = 5.634 A (10)) and XRD data
reveal that within the temperature, gas
composition, and pressure regimes studied
two modes of behavior may be observed.
The following experiments on this system
have been carried out:

(i) activation in synthesis gas (syngas,
CO:H; =1:2)at 423 K;

(ii) hydrogen pretreatment at 423 K with
subsequent exposure to syngas at this tem-
perature;

(iii) hydrogen pretreatment at 350-373 K
with subsequent exposure to syngas at 423
K;

(iv) initial hydrogen treatment at 350-373
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K with further heating to 448 K prior to
activation in synthesis gas at 423 K.

Figure 2 shows a sequence of diffraction
patterns obtained during the activation of
NdCu alloy in syngas at 423 K and 15-bar
total pressure. They reveal a rapid con-
version of the intermetallic to an fcc based
structure with lattice parameter character-
istic of the nonstoichiometric binary Nd
hydride (NdH;.,: 0 = x =< 1) (trace (¢)) with
subsequent transformation to a mixture of
C-type Nd,0; and Cu crystallites. It should
be noted that both the oxide and hydride
have structures based on the fluorite lattice
with very similar unit cell parameters for
the fcc Nd sublattice (/2, /3). Hence the
XRD patterns, dominated by scattering
from the Nd atoms, are virtually identical,
except that the hydride peaks are shifted,
by an amount which increases with the
scattering angle, to higher 26. This gives
rise to the doublet appearance of the
rare earth (RE) phase lines in traces
(d)-(f).

This assignment has been confirmed by a
study of the reactive behavior of the pure
binary neodymium hydride. The binary RE
hydrides exhibit nonstoichiometry over a
wide range of compositions; in the case

— Oxide
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F1G. 2. Synthesis gas activation of NdCu precursor.

Increasing vertical offset of the XRD patterns cor-

responds to increasing exposure (0—18 h) at 15 bar/423
K. (Asterisks indicate the aluminum sample holder.)
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of neodymium from NdH;y to the trihy-
dride, NdH;, without any change in struc-
ture type (/2). Well crystalline Nd hydride,
obtained commercially, was pretreated in
hydrogen and then exposed to syngas under
increasingly severe conditions (Fig. 3). Per-
haps rather surprisingly, the conversion of
hydride was observed to occur very slowly
even at 15 bar/523 K. Further treatment at
this temperature in an ambient pressure of
pure oxygen for several hours did not sig-
nificantly alter the oxide:hydride ratio
from which it can be concluded that further
oxidation is kinetically inhibited by the
formation of an oxide layer. The match
between the hydride and oxide of pure
neodymium with the peaks obtained during
the activation of the 1:1 intermetallic is
excellent.

A quantitative analysis of the com-
position as a function of activation time for
the alloy precursor (Fig. 4) was obtained by
fitting the Cu(111) peak and both the (400)
and (440) peaks of the RE hydride/oxide. It
confirms the mitial rapid formation of the
hydride phase with subsequent concurrent
growth of Cu and C-Nd,O; crystallites.
The appearance of these two phases coin-
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F16. 3. Oxidation of binary neodymium hydride in a
synthesis gas atmosphere (absolute pressure 8 bar
unless specified). Exposure time (a) 8 h/423 K; (b) +8
h/498 K; (c) +12 h/498 K; (d) +12 h/523 K; (e) +8 h/15
bar/523 K.
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F1G. 4. Structural and activity data (arbitrary units)
for synthesis gas activation of NdCu at 15 bar/423 K
showing the correlation between the growth of metha-
nol activity and copper/neodymium oxide peak in-
tensities.

cides with the onset of methanol synthesis
activity; furthermore, the rise in reaction
rate and leveling-off of the methanol yield
parallels the growth of the copper and oxide
crystallites.

The methanol yield from syngas-acti-
vated NdCu is relatively low and, as seen in
Fig. 2, is associated with relatively well
crystalline Nd,0O,. Pretreatment in pure hy-
drogen can, under certain conditions,
dramatically increase the initial activity
obtained and also give rise to a morpho-
logically very different catalyst. If the
reactor is pressurized to 15 bar H, and
the temperature then raised to 423 K overa
period of 45 min, then the evolution of the
intermetallic is very similar to the initial
stages of syngas activation; more specifi-
cally, there is the formation of a relatively
well crystalline phase with diffraction pat-
tern corresponding to the structure of the
binary Nd hydride but virtually no crystal-
line copper visible even after complete con-
version of the initial alloy, a feature which
is discussed in more detail later. Changing
the feed to a synthesis gas mixture with the
reactor maintained at 423 K results in the
initiation of methanol synthesis activity,
which gradually increases to a limiting
value over a period of about 4 h, together
with the growth of Cu crystallites and Nd
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hydride-to-oxide conversion. However,
there is also a very rapid increase in inten-
sity of an additional peak at ~31° 26 (only
weakly present after the H, treatment and
not observed in the original syngas experi-
ment). Over the 4 h to steady state activity
the intensity of this peak then gradually
decreases ~40% before reaching a virtually
constant value. The nature of the phase
giving rise to this peak is more clearly
revealed by pretreatment under less vigor-
ous conditions.

If the 1:1 alloy is exposed to the same
pressure of hydrogen at lower temperatures
(=373 K) then there is a gradual con-
version, not to the binary RE hydride type
structure but selectively to a second phase
believed to be an intermetallic hydride (Fig.
S, trace (b)). An unambiguous assignment
of this structure has not yet been made but
the complete absence of any Cu-diffraction
features and peak widths comparable to
those of the initial intermetallic are con-
sistent with this interpretation. Once
formed, this phase may be heated to 448 K
for several hours yet still only shows slight
breakdown to the binary RE hydride struc-
ture in a pure H, atmosphere. Subsequent

Discharged
Cataslyst

Active Phase
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F1G. 5. Synthesis gas activation of low-temperature
H,-pretreated NdCu: (a), (b) Pure H, atmosphere, 15
bar/363 K; (b), (d) CO/H, atmosphere, 15 bar/423 K;
(c), (d) obtained after ca. 30- and 60-min exposure,
respectively; (e) air-discharged catalyst.
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exposure of this material to syngas at 423 K
gives an extremely rapid activation and
accompanying expansion, with very high
initial methanol synthesis activity. The ra-
pidity with which this process occurs and
the associated massive expansion have
prevented a detailed diffraction study of the
metamorphosis but the patterns which have
been obtained (Fig. 5, traces (c), (d)) in-
dicate that the initial product is essentially
X-ray amorphous, with only very broad
peaks corresponding to Nd hydride/oxide
and residual intermetallic hydride observed
and no crystalline Cu present. After ~3 h
on stream, however, XRD patterns of the
air-discharged catalyst reveal the presence
of relatively large Cu particles (FWHM;
= 0.56°; d (Debye-Scherrer) ~200 A) in
addition to poorly crystalline Nd hydride/
oxide and, rather surprisingly in view of its
initial reactivity, still a small amount of
residual intermetallic hydride.

1:2 Alloys

(a) NdCu,. The activation of the 1:2
alloy in syngas has been studied by XRD
over a wide range of conditions of tempera-
ture and pressure but concurrent activity
data are only available for activation at
423 K/15 bar. Under these conditions ac-
tivation takes place over a period of about 6
h. Increasing the temperature significantly
reduces this time but does not alter the
fundamental behavior observed during the
activation process. The sequence of diffrac-
tion patterns presented in Fig. 6 were coll-
ected at 35-min intervals during activation
at 448 K/8 bar. The peaks corresponding to
the starting alloy are essentially visible only
in the first trace and this transformation of
the precursor is accompanied by the rapid
growth of a peak at 33° 26 (trace (b))
representing a transient phase in the ac-
tivation process. The equally rapid dis-
appearance of this phase is then associated
with the growth of peaks apparently cor-
responding to C—Nd,O; and Cu crystallites.
The shift in the peak maxima of the low-
angle “‘oxide’’ peak to smaller 20, however,
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Fi1G. 6. Synthesis gas activation of NdCu, precursor.
Sequential diffraction patterns obtained at 35-min in-
tervals during treatment at 8 bar/448 K. (a) Cor-
responds to virtually untransformed starting alloy. (b)
Small diffraction features from residual alloy removed
for clarity.

suggests that, as observed for the 1: 1 alloy,
a binary Nd hydride-type phase is an in-
termediate in the decomposition and oxi-
dation of the transient phase.

Since the crystailinity of the two RE
phases is lower than that observed during
syngas activation of the 1:1 alloys, and the
peaks are, as a consequence, totally un-
resolved, it has only been found possible to
fit reliably a single function to the observed
profile. The variation of integrated intensi-
ties of this combined peak and the main
peaks of the transient phase and the copper
are illustrated in Fig. 7A for activation at
423 K. The peak widths and peak maxima
obtained by fitting the experimental data for
the low-angle peak reveal (Fig. 7B) a large
increase in the FWHM and significant shift
in the peak maxima to lower 26, virtually
concurrent with the growth of the Cu crys-
tallites which, by analogy with the 1:1
alloy, is taken to correspond to the onset of
hydride-to-oxide conversion. The rise in
methanol activity (Fig. 7C) is again seen to
correlate with this conversion and the
growth of Cu crystallites while the removal
of carbon by hydrogen leads to an en-
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hanced methane yield during the oxidation
process.

The role of the gaseous components and
the nature of the intermediate phases is
further elucidated by treatment of the in-
termetallic precursor in pure hydrogen and
pure carbon monoxide. In pure hydrogen at
383 K a metastable, intermetallic hydride,
observed also as the ‘‘transient phase’ in
the syngas activation, is rapidly formed.
Under the conditions used this compound
rapidly and irreversibly decomposes to
what is predominantly a Nd hydride-type
phase of fcc structure, which is identical, or
very similar, to that formed from the 1:1
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F1G. 7. XRD peak parameters and GC activity data
for NdCu, activation in CO/H, at 15 bar/423 K:
evolution with reaction time of (A) peak intensities
of product phases—transient intermetallic hydride,
copper, and unresolved Nd hydride and oxide; (B)
combined Nd hydride/oxide (222) peak parameters—
peak width (FWHM) and position (26); (C) methanol
and methane synthesis activity (A,C, arbitrary units).
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alloy at 423 K except that it is of rather
poorer crystallinity or significantly smaller
particle size (Fig. 8). In addition, extra
peaks are observed revealing the presence
of a significant quantity of yet another
hydrided phase, together with very weak
and broad peaks at the angles correspond-
ing to pure copper. The hydrogen sorption
behavior described is pressure independent
over the range 8-30 bar and temperature
independent for 7 < 408 K with CO/H,
experiments suggesting that the tempera-
ture invariance extends to over 473 K.
Subsequent exposure of this material to
syngas results in the expected shift of the
RE phase peaks on conversion of hydride
to oxide and the growth of large Cu crystal-
lites. By contrast, the NdCu; alloy is very
resistant to chemical change when heated
in pure CO (Pco = 2 bar), exhibiting only
stow and partial oxidation over a period of
several hours at 523 K, whereas complete
conversion occurs within 5 min under the
same conditions in syngas.

Activation studies in syngas at pressures
of 2, 8, 15, and 22 bar reveal very few
differences of behavior that are of signifi-
cance. The transient intermetallic hydride

A
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N
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Fic. 8. XRD pattern (a) obtained after extensive
treatment of NdCu, in pure H, at temperatures up to
383 K, together with reference pattern; (b) from pure
binary neodymium hydride. Peaks due to copper crys-
tallites and additional phase(s) marked accordingly.
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was not observed during activation at 2 bar
but studies at this pressure have been
limited to an activation temperature of 513
K and the metastable nature of this phase
means that it becomes increasingly harder
to observe by XRD at higher temperatures
as its rapid decomposition prevents the
buildup of a significant bulk concentration.
There is also some indication that the crys-
tallinity of the oxide phase in particular
decreases with increasing pressure al-
though this may just reflect the lower tem-
perature at which activation can be ini-
tiated.

The effect of temperature on the crystal-
linity of the final C-Nd,0; and Cu phases
produced has also been studied. In one
such experiment, the catalyst was activated
in 8 bar of syngas at 448 K for 6 h and the
temperature then raised, initially to 503 K
for a further 6 h and finally to 573 K for an
additional 12 h. During the very early
stages of this activation the measured
Cu(111) peak width was ~0.8° but after 2 h
this decreased rapidly to a value of ~0.6°.
Only a very small decrease in this value
was observed even after 6 h at 503 K but an
increase in the temperature to 573 K re-
sulted in a further rapid decrease to a
limiting value of ~0.54°. The final increase
in temperature, however, had no observ-
able effect on the measured integrated in-
tensity of the main Cu peak which reached
a limiting value after ~35 h at 503 K, having
attained 83% of this value after the first 6 h
at 448 K. The greater width of the Cu peak,
and implied smaller crystallite size, during
the very early stages of activation is be-
lieved to be a real effect but, since there is
overlap with a weak peak of the interme-
tallic hydride at this point, the derived value
may in part be an artefact of the fitting
procedure.

Analysis of the RE oxide peaks is also
complicated by overlap, in this case with
the residual Nd hydride peaks. The single-
function fit for the activation at 448 K is
initially virtually identical to that at 423 K
illustrated in Fig. 7, but with the peak width
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and integrated intensity reaching a maxi-
mum value after ~53 h. The subsequent
increase in temperature to 503 K resulted in
a fall in both of these quantities by
~15-20% (for the (222) peak) over a period
of 6 h, followed by a further 2-12% de-
crease during the first 6 h at 573 K, after
which only a very slight change was ob-
served. This continued fall in both pa-
rameters suggests that complete oxidation
of the hydride is not achieved, even within
the X-ray sampling depth, for many hours
after initial activation.

Activation studies at various tempera-
tures within the range 403-513 K reveal a
fairly steady decrease in peak width (for
both Cu and Nd,0; phases) with increasing
temperature. Although more significant
than the variations observed for activation
at different pressures but constant tempera-
ture, this effect is still small for the Cu
crystallites and although apparently larger
for the RE oxide phase, much of this may
be due to the presence of residual binary
hydride at the lower temperatures.

(b) CeCu,. In many ways the behavior of
the CeCu, intermetallic mirrors that of its
Nd counterpart, differing only in the reac-
tivity of the various phases. The first struc-
ture (T'1) to be observed during activation
in syngas or pure hydrogen is isomorphous
with the transient phase observed for
NdCu;. This transformation may be carried
out selectively by exposure to 15 bar
CO/H; (1:2) at 343 K (~6 h) to 373 K (~1
h) (Fig. 9). In the same pressure of pure
hydrogen, however, even at 333 K this
phase is rapidly formed (~45 min) but in-
terconverts to a second hydrided phase
(T2) within a very short time interval.

The ability to form the T1 phase selec-
tively in a relatively well crystalline form
has enabled a structural assignment to be
made in this instance with the best fit
yielding a hexagonal unit cell (a = 4.259 A,

= 8.197 A for Pconu, = 15 bar) with the
intense line at ~32.75° 26 corresponding to
the (003) reflection. This change can be
visualized as an expansion along the y-axis,
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F1G. 9. Synthesis gas activation of CeCu, precursor
(a) starting alloy (He atmosphere)—subsequent dif-
fraction patterns during treatment in 15 bar CO/H, at
353 K (b) and 373 K (c,d).

with slight compression along the other two
axes of the orthorhombic unit cell (a = 4.43
A, b =705A, c =745 A (10) of the
intermetallic precursor, corresponding to a
volume expansion of 10.7% upon hydrogen
absorption to form an intermetallic hydride
(CeCuy-H,) of unknown stoichiometry.

The initial hydrogen absorption to form
the T1 phase is probably only reversible
under very carefully controlled conditions
since the T1-— T2 transition occurs readily.
This conversion is observed to be very
much more facile in pure H, as opposed to
the same total pressure of syngas. Whether
this is merely a reflection of the higher
hydrogen partial pressure or represents an
inhibiting effect exerted by the presence of
CO has yet to be ascertained.

Annealing of the T2 phase in flowing He
at 423 K for 2 h gives a mixture of 3 phases,
namely, the binary ‘‘Ce hydride’’ phase, a
small amount of elemental copper and a
third phase which appears to correspond to
a contracted T2 phase as might be obtained
by a decrease in the absorbed hydrogen
content of an intermetallic hydride. There
is no indication of a reverse transformation
yielding the T1 phase under these con-
ditions. In 15-bar pure hydrogen at 373 K



METHANOL CATALYSTS FROM RARE EARTH-Cu ALLOYS

the T2 phase only exhibits ~50% decompo-
sition to the Ce hydride phase after 10 h
exposure, whereas under identical con-
ditions in synthesis gas the conversion is
virtually 100% complete (Fig. 9, trace (d))
and, in the later stages, is accompanied by a
steady growth of Cu crystallites and a shift
in the RE phase peaks (in the case of Ce to
higher 26) representing the RE hydride-to-
oxide conversion.

Although the diffraction pattern ex-
hibited by the oxide produced clearly cor-
responds to the fluorite structure adopted
by CeQO,, it is highly likely that under the
reducing conditions of methanol synthesis,
the oxide, in addition to being highly defec-
tive, is also substoichiometric in oxygen
(15). There is, however, no evidence for the
presence of any of the well characterized
lower oxides (Ce, 0,5, » — n=4,6(7),7,9,
10, 11 (/2)) in the activated catalyst.

Peak fitting to obtain an accurate quan-
titative analysis of the composition as a
function of time is again complicated by
peak overlap, but even more so in this case
owing to the presence of the T2 phase. The
development of the various phases and the
growth of methanol synthesis activity are
presented in Fig. 10 for the initial stages of
activation in syngas at 373 K.: virtually
identical behavior was observed for ac-
tivation at 398 K subsequent to pretreat-
ment in pure H,. Even after H, pretreat-
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F1G. 10. Combined structural and activity data for
synthesis gas activation of CeCu, at 15 bar/373 K with
a subsequent rise to 398 K.
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FiG. 11. XRD patterns from as-prepared and hy-
drided NdCu;s alloy with indexing and reversible peak
shifts illustrated. (Additional diffraction peaks cor-
respond to Al-sample holder and 1:6 alloy.)

ment, there is still an induction period of
over an hour at 398 K before methanol
synthesis is initiated and in both cases the
best correlation with the rise in activity is
the growth of the Cu and CeO, phases. In
contrast to the 1:1 alloy of neodymium,
prior treatment of CeCu, in pure hydrogen
did not increase the initial activity; if
anything, a slight decrease was observed.

“1:57 Alloy (NdCus)

The prepared sample of nominal stoi-
chiometry NdCus was found to be mul-
tiphasic, containing, in addition, substantial
quantities of NdCug. The reactive behavior
of the two alloys was, however, found to be
broadly similar.

The 1:5 alloy has the same hexagonal
CaCus-type structure as that exhibited by
LaNis and many other REM; intermetallic
compounds whose hydrogen absorption
properties have been studied so extensively
in recent years. It is easily and reversibly
hydrogenated as illustrated in Fig. 11 where
the shift in the marked diffraction peaks to
lower 20 represents a virtually isotropic
expansion of the lattice by 2.8% on ex-
posure to 30 bar pure H; at 373 K. The
volume expansion observed for NdCus
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over the pressure range studied here (10-30
bar) is very much lower than that found in
most other 1:5 systems. Studies of the
LaNis_,Cu, (I16) and CeNis_,Cu, (I7) sys-
tems have shown that the hydrogen ab-
sorption capacity decreases and the hy-
dride stability increases as Ni is replaced by
Cu. The decrease in hydrogen absorption
capacity does not, however, seem to be
reflected in the lattice expansion which
remains virtually constant at ~15% for 2 <
x = 4 in the Ce(Ni, Cu) system. In addition,
the work of Kuijpers (18) on the RENis and
RECos systems reveals an increase in the
dissociation pressure in the series La—Pr—
Nd-Sm and, for the Co intermetallics at
least, a small fall in the hydrogen ab-
sorption capacity with a virtually constant
fractional volume expansion per adsorbed
mole of hydrogen. The observed 2-3% ex-
pansion is, therefore, surprisingly small for
formation of an intermetallic hydride, yet
too large to be explained by the formation
of a limited solid solution of hydrogen; i.e.,
the precursor state to ternary hydride for-
mation. A single cycle of hydrogen ab-
sorption/desorption may be accomplished
without any appreciable loss in intensity
and/or broadening of the intermetallic lines
and the thermal stability of the intermetallic
hydride with respect to hydrogenolysis (de-
composition to binary RE hydride and tran-
sition metal) is high in that even after 12 h at
473 K in 30 bar H, the extent of breakdown
is small (<10%).

This same intermetallic hydride is ob-
served during the initial stages of activation
in syngas (Py, = 10 bar). However, the
stability of this hydride, as mentioned
above, is such that it is essentially inert to
further reaction below 473 K. At higher
temperatures the intermetallic hydride does
gradually decompose, a process complete
after ~16 h at 503 K (Fig. 12), with some
evidence even in this case for an interme-
diate Nd hydride phase which is, however,
relatively rapidly oxidized under these con-
ditions. The high stability of the interme-
tallic hydride to both hydrogenolysis and
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Fig. 12. XRD pattern from a fully ‘‘activated’
NdCus sample (reference patterns from JCPDS data
base (11)).

oxidation is probably caused by the limited
extent of hydrogen absorption. Conse-
quently, high temperatures are required to
break down the lattice and copper ex-
pulsion from the matrix gives rise to some
very large crystallites, It is worth noting
that the intermetallic compound contains
sheets of pseudo-close-packed copper
atoms running through the structure and
the failure to disrupt this arrangement by
hydrogen absorption means that there is
present a natural precursor to large Cu
crystallites.

The activity of the catalyst is observed to
rise steadily over the first 6 h at 503 K and
then rather more slowly for the next 8 h.
The steady state activity, even at this el-
evated temperature, is, however, very
much lower than that observed for the
lower copper content catalysts. Pretreat-
ment in pure hydrogen to form the in-
termetallic hydride prior to the activation in
syngas has very little effect either on the
rate at which synthesis activity is attained
or on the actual magnitude of the steady
state activity.

The diffraction pattern of the fully ac-
tivated catalyst (Fig. 12) is consistent with
the presence of only two phases (elemental
copper and C-type Nd,03) but the following
points are noted:
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(i) the lineshape of the Cu peaks is
significantly more Lorentzian than usually
observed and suggests a bi- (or poly-)
modal distribution of Cu crystallite sizes;

(ii) the Cu peak positions are in very good
agreement with the JCPDS reference pat-
tern but the neodymium oxide peaks are
shifted fractionally to higher angles, i.e.,
corresponding to a slight lattice contraction
(all peak positions measured at ~300 K).

The unusual Cu lineshape means that the
FWHM obtained by fitting does not ac-
curately reflect the mean particle size but,
in view of the very low activity exhibited by
these catalysts and the inherent problems
with profile analysis, this feature was not
pursued any further.

In addition, the discharged catalyst is
visually different from the lower Cu content
catalysts in that it is of a ‘‘salmon pink™
color characteristic of a dispersion of rel-
atively large copper particles.

Structural Effects on CO, Poisoning

The effects of CO, poisoning on interme-
tallic derived catalysts (6, 8) have been
studied by switching the feed gas to an
activated NdCu, catalyst from pure syngas
to a mixture of syngas incorporating 2%
CO,. This was carried out at a constant
temperature and pressure of 473 K and 135
bar, respectively, following activation at
423 K and subsequent stabilization at 473
K. Under these conditions, the change in
feed gas results in a transient peak in the
methanol yield (Fig. 13) and then a rapid
fall to essentially zero activity. A return to
the original CO,-free feed mixture does not
result in any regeneration of activity, show-
ing the poisoning to be an irreversible ef-
fect.

Prior to the change in feed gas the only
phases visible by XRD were Cu and C-
Nd,0;. The measured changes in in-
tegrated peak intensity and peak width for
these two phases on exposure to the CO,-
containing syngas are given in Fig. 13. Both
phases exhibit small changes in the width of
the diffraction peaks which may or may not
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Fi1G. 13. Effect of CO, on the activity and com-
position of a catalyst prepared from an NdCu, in-
termetallic precursor. Activity data: evolution of
methanol yield with time. Structural data: variation of
fitted peak parameters (intensity and width of the
Cu(111) and C-Nd,0; (222) peaks) with time () after
the switch in feed gases.

be real effects. The intensity of the Cu
peaks shows no change whatsoever but the
intensity of the Nd;0O; peaks falls signifi-
cantly (~33%) while the activity is decreas-
ing and then levels off at a lower value. No
new weak diffraction features are observed
after this treatment.

The substantial variations in activity dis-
played upon switching to a CO,-containing
feed gas do not, therefore, appear to cor-
respond to any significant changes in the
bulk composition of the active catalyst. The
presence of CO; is known to influence the
oxidation state of the Cu crystallites (19),
but it might also be expected that the basic
RE oxides would form a carbonate or oxy-
carbonate under such conditions. The lim-
ited XRD evidence available does not
contradict this idea; indeed, the loss of
intensity of the RE oxide peaks could be
attributed to the formation of a surface
coating of another phase. The failure to
observe new XRD peaks does mean,
however, that any such additional phase
must be sufficiently disordered or of limited
size in at least one dimension (e.g., thick-
ness) with the result that any diffraction
features are lost in the background.
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DISCUSSION

The proposed behavior of the interme-
tallic systems studied is summarized in Fig.
14. In all cases, except perhaps the 1:5
alloy, a phase hitherto referred to as having
a “‘binary RE hydride’’ structure is seen to
play an important role. The exact nature of
this phase therefore warrants further dis-
cussion. A true binary hydride may be
formed from a RE-TM intermetallic com-
pound on exposure to hydrogen either by
complete hydrogenolysis, yielding ad-
ditionally the second metallic component in
elemental form, or by disproportionation to
RE hydride and an intermetallic hydride
enriched in the TM component. In neither
the 1:1 nor the 1:2 alloys studied here is
disproportionation believed to occur, there
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being no evidence for the presence of a
Cu-enriched intermetallic hydride. Com-
plete hydrogenolysis involves a severe dis-
ruption of the initial lattice as the transition
metal is expelled from the matrix; by con-
trast, hydrogen absorption yielding an in-
termetallic hydride may occur with negli-
gible disruption.

The effect of substantial lattice restruc-
turing is clearly evident in the diffraction
patterns, particularly so for the 1:2 alloys,
with the half-widths for the hydride struc-
tures being significantly greater than for
the parent compound. Rather surprising,
however, is the intensity of the Cu peaks
obtained in pure hydrogen, which, even
allowing for their substantial breadth, is
very low, especially for the 1:1 alloys. The
observation of these weak Cu diffraction
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FiG. 14. Summary of activation behavior: the role of intermediate phases in the conversion of alloy

precursors to final catalyst.
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lines does show that at least some of the Cu
atoms have been expelled from the matrix;
what is less certain is whether the re-
maining ‘‘invisible’” Cu is present as highly
dispersed clusters or thin layers of elemen-
tal Cu on the surface of the hydride of a
sufficiently small size not to be revealed by
the XRD or whether, as suggested by
Semenenko and Burnasheva (20), substan-
tial quantities may remain within the “‘RE
hydride’’ lattice. Furthermore, in this latter
case, the Cu could in principle be present
either interstitially, atomically dispersed or
as small cluster defects, or substitutionally
in the framework.

It is certainly the case that substantially
more elemental Cu is observed at lower
temperatures following hydrogenolysis of
the more Cu-rich 1:2 alloys, but neither
this nor the observation of concurrent
growth of Cu and C-Nd,0; in a number of
experiments allow one to differentiate with
certainty between these two possibilities.
The concurrent growth of the two phases
does, however, strongly suggest that the
sintering mechanism giving rise to the
“large” Cu crystallites is directly asso-
ciated with the oxidation process and that
the nominally binary hydride may well in-
corporate, in one form or another, substan-

NdCu
(FeB-type Structure)
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tial quantities of copper to the extent only
that it is substoichiometric in copper rel-
ative to the 1:1 alloy.

The evidence for the reactive behavior of
the NdCu intermetallic precursor summa-
rized in Fig. 14A will now be considered.
The least activated interaction of the alloy
with a hydrogen atmosphere is observed to
be formation of an ordered intermetallic
hydride. This intermetallic hydride is stable
to temperatures higher than those at which
the ‘‘binary Nd hydride” is preferentially
formed from the parent intermetallic, so a
direct route of alloy hydrogenolysis must
exist. The observed switch in alloy reac-
tivity is explicable in terms of a rate in-
version for the two processes; the reaction
of lowest activation energy dominates be-
low 373 K while at higher temperatures, the
entropically favored hydrogenolysis with a
high pre-exponential factor becomes in-
creasingly important.

It is of interest to note that the Nd-
substructure of the 1:1 alloy is in fact
easily deformed to give an fcc lattice char-
acteristic of the Nd hydride (Fig. 15), and
this may be one reason for the higher
crystallinity of the Nd hydride derived from
the 1:1 as opposed to the 1:2 alloy. (The
greater amount of Cu that has to be ex-

F1G. 15. Crystal structure models showing the close relationship between the Nd sublattice in the
1:1 alloy, NdCu, and the binary hydride, NdH,,,. Solid arrows indicate the required atomic
displacements to accomplish the transformation. (From Pearson (21). Copyright © 1972; Wiley-
Interscience. Reprinted by permission of Wiley.)



230

pelled from the matrix in the latter case will
clearly also be a contributing factor.) At
temperatures exceeding 448 K decompo-
sition of the intermetallic hydride to yield
the Nd hydride is indeed observed as would
be expected on thermodynamic grounds.
This probably occurs via a direct route
rather than by the intermediacy of the origi-
nal intermetallic.

Exposure of the intermetallic hydride to
CO/H; at 423 K (i.e., below the decompo-
sition temperature in pure hydrogen) leads
to an extremely rapid oxidation/activation
that clearly cannot be via the binary hy-
dride which activates at a much slower rate
and yields a significantly less active cat-
alyst.

One experimental observation is ap-
parently inconsistent with the scheme out-
lined above and that is the effect of
switching to a syngas feed after high-
temperature treatment of the 1:1 alloy in
pure hydrogen to form the Nd hydride. The
resulting unexpected increase in intensity
of the previously inconsequential interme-
tallic hydride peaks could represent a real
partial conversion of the binary to interme-
tallic hydride, i.e., reverse ‘‘hydrogenoly-
sis,”” in which case this would be strong
evidence for the incorporation of a re-
latively high copper content in the sup-
posedly binary hydride, or, perhaps more
likely, it is the result of exposure of
material previously below the sampling
depth by decrepitation of the surface layers
during oxidation.

A comparison of the behavior of the
neodymium and cerium 1:2 intermetallic
compounds reveals many similarities.
Based on the assignment of a hexagonal
unit cell to the T1 phase, CeCu,~H,, unit
cell parameters may be determined for the
analogous transient phase formed from
NdCu,. The mean values obtained over a
hydrogen partial pressure range of 5-30 bar
area =421 A, c = 8.12 A, corresponding
to a volume expansion of 9.5% in this case.
The orthorhombic CeCu, structure (the
structure also adopted by the NdCu; in-
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termetallic) may be regarded as a distortion
of the hexagonal AlB,-type structure (21)
and it seems probable, therefore, that the
intermetallic hydride has a bimetallic
sublattice of this form.

What this work shows quite clearly is
that in the case of cerium, the second
transient phase is an intermediate in the
hydrogenolysis, i.e., there is a sequential
conversion through the two intermetallic
hydrides, T1 and T2, prior to decompo-
sition to Ce hydride. On first sight, this is
not the case with NdCu, where the T1
phase apparently undergoes rapid and
direct hydrogenolysis. There is, however, a
distinct similarity between the T2 phase of
CeCu, and the extra peaks in the XRD
pattern obtained after treatment of NdCu,
in pure hydrogen (see Fig. 8) which sug-
gests that there is probably no fundamental
difference in behavior, but merely signifi-
cant variations in the controlling kinetics.
The complete breakdown of the lattice is
definitely less favored in the case of cerium,
hence allowing the formation of the T2
phase with high selectivity. The difference
may be attributed to a higher free energy
of formation of the intermetallic hydride
than for neodymium and, consequently, a
greater activation energy for decompo-
sition.

Table 1 summarizes concurrently ob-
tained structural and activity data for all the
alloys studied, following various activation
procedures. If it is assumed that all the
copper present in the intermetallic pre-
cursor is ultimately converted to crystal-
lites of a size given by the application of the
Debye—Scherrer equation to the elemental
Cu diffraction peaks (~200 A), then the Cu
surface area of the activated NdCu, cat-
alyst cannot exceed ~20 m? g~'. The com-
plete absence of methanol synthesis from a
CO/CO,/H, feed at 473 K/15 bar shows that
the mechanism proposed by various au-
thors (22, 23) for methanol synthesis from
CO; on the copper component of the com-
mercial Cu-ZnO/Al,O; catalyst is not appli-
cable to these alloy-derived catalysts. This
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TABLE 1

Summary of Catalytic and Structural Data

Precursor H,* Activity?® Structural data©
Temp. Yield Int. ratio FWHM
(K) (arb. units) Cu/Nd,04
Cu Nd203
CeCu, — 398 375 0.80 0.74° 2.5°
LT 398 310 0.51 0.73° 1.9°
NdCu — 423 115 0.49 0.69° 1.2°
HT 423 650 0.20 1.00° 2.5°
LT 423 2940 [0.24 0.56° 2.7°)¢
NdCu, — 423 410 0.59 0.54° 2.2°
NdCugs — 503 35 1.61 ~0.62° 2.0°
HT 523 135 1.45 ~0.64° 2.2°

¢ Hydrogen pretreatment (P = 15 bar) at 350-373 K (LT) or 423-523 K (HT) prior to

activation in synthesis gas.
® Activity data (arb. units) measured

in CO2H, (P = 15 bar) at the specified

temperature and normalized to unit mass of discharged catalyst assuming a linear
methanol yield/catalyst charge relationship.

¢ Structural data presented as the ratio

of integrated intensities for the Cu(111) and

C-Nd,0,(222) peaks: peak widths (FWHM) also shown.
4 Peak parameters only available for the air-discharged sample owing to massive
expansion (during the early stages of activation this catalyst was virtually X-ray

amorphous).

is a major conclusion of the present paper
and has been confirmed by radiotracer
studies which show no transfer of B-activ-
ity from “CO, into methanol produced fol-
lowing a change in feed gas (8). The
low-temperature methanol synthesis ob-
served over these intermetallic derived
catalysts must therefore be accounted for
in terms of CO hydrogenation.

The complete absence of a correlation
between the methanol yield and FWHM of
the Cu(111) peak or, indeed, any estimate
of the elemental Cu surface area made from
the XRD data, strongly suggests that the Cu
particles visible in the XRD are not respon-
sible for the high activity. Support for this
conclusion can be drawn from numerous
studies of the kinetics of CO hydrogenation
over various forms of elemental copper
(24-26) which would all predict rates orders
of magnitude lower than those observed at
the conditions used and for the surface area
mentioned above.

The only other phase that can be
uniquely identified in all the activated cat-
alysts is the RE oxide. Synthesis of metha-
nol over both ThO; (27) and ZrO, (28, 29)
has been reported in the literature. The
former case involved very high surface area
samples at temperatures substantially
higher than those utilized in this work; in
the latter case methanol formation was
detected at ~398 K, but this was under
transient (TPD) conditions rather than un-
der steady state catalytic conditions.
Neither the C-Nd,O; prepared by in situ
oxidation of neodymium hydride in syngas
nor activated Ag-RE intermetallic com-
pounds (6), however, show any activity for
methanol synthesis at temperatures below
523 K.

There does, nevertheless, appear to be a
correlation between the rise in methanol
activity and the appearance of either the
RE oxide phase or the ‘‘large’” Cu crystal-
lites. In view of what has already been said,
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there seem to remain two possible sources
for the high activity:

(i) the interfacial region of the visible Cu
crystallites with the RE oxide phase, or

(ii) ‘‘very highly dispersed’’ Cu present
on, or within, the surface of the RE oxide.

If a spillover mechanism is in operation,
then this distinction may be more apparent
than real, but in the latter case, the elec-
tronic properties of the copper could
differ significantly from those of bulk cop-
per in addition to possible variations in oxi-
dation state and morphology.

Quite high loadings of both Ag and Cu
atomically dispersed in RE oxides have
been achieved by conventional methods of
catalyst preparation (30, 31). The noble
metal is believed to be present substitu-
tionally in the lattice as the divalent ion and
various ‘‘active oxygen species’’ were ob-
served on the Ag-modified oxides following
oxygen chemisorption, leading the authors
to suggest that these materials are poten-
tially important olefin epoxidation cata-
lysts. The preparation techniques utilized,
however, were standard wet chemical
procedures, similar to those used by
other groups to produce RE-oxide-sup-
ported copper catalysts which exhibit only
low activity for methanol synthesis (3, 4, 6).

Highly dispersed ‘‘clusters’” of zero-
valent copper supported on the oxide
would tend to imply a high Cu surface area,
in contradiction to the in situ NO mea-
surements (6) that reveal very low metal
areas of ~1 m? g”!, probably attributable to
the large Cu crystallites alone. A very in-
timate contact with the RE oxide, such as,
¢.g., very small clusters of Cu embedded
within and coordinated to the oxide matrix
might, however, give a form of Cu that is
unreactive with respect to N,O decompo-
sition under the conditions employed.

The various hydrides observed during
activation clearly play a crucial role in the
low temperature activation of these cat-
alysts. Formation of an intermetallic hy-
dride is accompanied by lattice expansion
and, presumably, a general weakening of
the metal-metal interactions. This in itself
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facilitates oxidation as can be seen with the
1:1 alloy after low-temperature pretreat-
ment in hydrogen. The extent of hydrogen
absorption and lattice expansion appears to
be critical. NdCus, e.g., readily absorbs
hydrogen, but the resulting structural dis-
tortion appears to be insufficient to have a
significant effect on the reactivity. On the
other hand, some intermetallic hydrides
whose formation involves a greater volume
expansion exhibit instability and are sus-
ceptible to hydrogenolysis; i.e., decompo-
sition to the RE hydride phase prior to any
substantial oxidation. It is interesting to
speculate as to whether this process is
beneficial or actually detrimental to the
eventual activity. There is some circum-
stantial evidence for the latter, namely,
the variation of activity of the 1: 1 catalysts
with pretreatment and the higher activity of
catalysts derived from CeCu, as opposed
to NdCu, precursors. The ability of the
hydride to readily release hydrogen which
can then remove active carbon formed as a
by-product of the oxidation reaction, hence
preventing the buildup of carbonaceous de-
posits, may also be important.

In addition to their role in the activation
process, there is also the question as to
whether residual hydrides have any effect
on the steady state activity; in particular,
whether they might act as reservoirs of
atomic hydrogen, with spillover onto the
active phase occurring by diffusion. This
would be more likely to occur from re-
maining intermetallic hydride rather than
any binary RE hydride and merits further
study. It is certainly the case that some
intermetallic hydrides can remain in the
catalyst for many hours after the initial
activation process and the experiments car-
ried out on pure Nd hydride suggest that
significant quantities of that phase will also
be present for a substantial period after the
onset of oxidation.

CONCLUSIONS
1. Decomposition of Nd/Cu and Ce/Cu
intermetallic precursors to yield highly ac-
tive methanol synthesis catalysts occurs via
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intermediate hydride phases. Both in-
termetallic and rare earth hydrides are in-
volved.

2. Ultimate performance varies widely
and depends on the structure and stoi-
chiometry of the precursor. The nature of
the interaction of the alloy precursor with
gaseous hydrogen and the stability of the
stability of the corresponding intermetallic
hydride appear to be crucial to the sub-
sequent activation of the catalyst. Further-
more, in certain cases optimum activation
cannot be achieved by the use of CO/H,
mixtures alone.

3. The majority phases in the active cat-
alyst are the rare earth sesquioxide or
dioxide and metallic copper. Some rare
earth or intermetallic hydride is often also
present, and in the most active catalysts, no
crystalline copper was initially detectable
by XRD.

4. During activation, there is a good
correlation between the rise in methanol
activity and the growth of rare ecarth oxide
and Cu crystallites, suggesting that the ac-
tive site is indeed associated with one or
both of these phases. There is, however, no
correlation between Cu crystallite size and
catalyst activity.

5. CO, is a very effective poison of these
catalysts. The major structural effect asso-
ciated with this phenomenon is a decrease
in the intensity of the rare earth oxide
diffraction features with no evidence for
sintering of the visible Cu crystallites.

6. The special activity of these catalysts
i1s not associated with the Cu crystallites
visible by XRD. It may very well be related
to the presence of a more intimate interac-
tion of copper atoms with the oxide phase;
this feature is directly attributable to the
atomic scale mixing which is present in the
alloy precursor.
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