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Highly active ammonia synthesis catalysts derived from cerium intermetallic alloy precursors 
CeRu*, CeCo2, and CeFe,! have been studied by in situ powder X-ray diffraction (XRD) with 
concurrent analysis of catalytic activity. The reaction was investigated at pressures of up to 50 bar 
and at temperatures up to 550°C. Precursor activation was carried out in pure hydrogen, N2/H2, 
and CO/H2 under various regimes of temperature and pressure. It is found that the formation of 
active catalysts depends upon the presence of cerium hydride and transition metal crystallites in 
the ultimate material, although there is no correlation between XRD-derived metal areas and 
chemical rates. The corresponding transition metallcerium dioxide catalysts have a much lower 
activity for ammonia synthesis. The special activity of the hydride-based catalysts may arise from 
an intimate interaction between the support phase and the ultradispersed transition metal parti- 
cles . 0 1989 Academic Press, Inc. 

INTRODUCTION 

Catalysts derived from rare earth inter- 
metallic precursors can exhibit very high 
specific activities for ammonia synthesis; in 
some cases the reported performance ex- 
ceeds that of the well-established Fe-based 
industrial catalyst by as much as an order of 
magnitude (I). Discharged catalysts of this 
type have been examined by XRD methods 
(I, 2), although such measurements are of 
limited value due to the extreme air sensi- 
tivity of these materials. In this paper we 
report on the results of a controlled atmo- 
sphere XRD study of the genesis and reac- 
tive behavior of ammonia synthesis cata- 
lysts derived from CeRu2, CeCoz, and 
CeFez; these observations were coupled 
with concurrent measurements of the cata- 
lytic activity. The power of this combina- 
tion of techniques has already been demon- 
strated by our earlier work on methanol 
synthesis catalysts derived from Cu/rare 
earth intermetallics (3). In the present case 
a comparison is made between hydride- 

i To whom correspondence should be addressed. 

based catalysts and the corresponding 
oxide-based materials. Significantly, it is 
found that the latter materials are inert am- 
monia catalysts despite the fact that their 
Cu analogs are exceedingly active for meth- 
anol synthesis (3). Furthermore, the ob- 
served order of ammonia activities for the 
hydride-based catalysts is Ru > Co > Fe in 
contrast to that which characterizes the un- 
promoted metals themselves (Fe > Ru % 
Co). 

EXPERIMENTAL 

The controlled atmosphere cell used for 
in situ XRD measurements has been de- 
scribed in detail elsewhere (3). This device 
was used to investigate the structure and 
reactivity of alloy specimens at pressures 
up to 70 bar and temperatures up to 550°C. 
Most of the XRD data were collected using 
conventional Bragg-Brentano reflection 
geometry. This method offers optimum in- 
tensities but the effective penetration depth 
into the sample bed is only 1-2 pm for the 
materials used in this study. Since the gran- 
ule size was 50-250 pm, core/shell effects 
could have escaped detection. Some addi- 
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tional measurements were therefore made 
in transmission geometry, in which ar- 
rangement the beam penetrates the whole 
sample. In such experiments the results are 
truly representative of the bulk material, 
but counting statistics are poorer because 
monochromated radiation must be used. In 
the present case it was found that measure- 
ments in transmission and reflection gave 
the same results, so that core/shell effects 
can be discounted in this work. 

Intermetallic samples were prepared by 
electron beam melting of the constituent 
metals under high vacuum followed by an- 
nealing at 500°C for 1 month in an evacu- 
ated quartz ampoule. For each run an accu- 
rately weighed catalyst charge of 0.10-0.20 
g was crushed to a particle size of 50-250 
pm and loaded into the sample cell under 
an argon atmosphere; the level of oxygen in 
the glovebox was never greater than 20 
ppm. The cell was then sealed and trans- 
ferred to the diffractometer. All samples of 
starting material derived from the three 
compounds were examined by XRD and 
found to consist of a single metallic phase. 
This method of specimen handling also re- 
sulted in no detectable. oxidation of the 
fresh precursors. 

Reactant gases were obtained from BOC 
Ltd. (Special Gases) and used without addi- 
tional purification: hydrogen (CP grade, 
99.999% pure), premixed CO: HZ (33: 67, 
impurities 02 5 ppm, Hz0 2 ppm, and CO2 
20 ppm), and premixed N2 : H2 (25 : 75, im- 
purities 02 4 ppm and Hz0 4 ppm). For 
some of the work a premixed 25 : 75 N2 : H2 
gas mixture was obtained from Cryoser- 
vices Ltd. and, again, was used without fur- 
ther purification (02 4 ppm and Hz0 2 ppm) . 
Flow rates of between 15 and 30 standard 
cubic centimeters per minute (seem) were 
used with total gas pressures of between 5 
and 50 bar. Production of ammonia was 
monitored by measuring the intensity of the 
infrared absorbance of NH3 (fi - 3320 cm-l) 
in the effluent stream using a Perkin-Elmer 
599 IR spectrometer programmed to record 
spectra at specified time intervals. Detec- 

tion sensitivity was enhanced by use of a 
gas cell with 6-mm quartz windows which 
permitted sampling at 5 bar (detection limit 
200 ppm ammonia). 

Quantitative analysis of the XRD data 
was performed by fitting Cauchy, pseudo- 
Voigt, and, in some cases, split Pearson 
functions to the observed peak profiles in 
order to obtain peak widths (FWHM) and 
integrated peak intensities. Particle sizes 
were obtained from the diffraction profiles 
via the Scherrer equation after making al- 
lowance for instrumental broadening. The 
application of more sophisticated methods 
(e.g., Warren-Averbach) was hampered by 
considerable overlap of the diffraction lines 
for the cerium- and transition-metal-con- 
taining phases, except for the lowest order 
of reflection. Hence only single-line meth- 
ods are applicable, and these indicated a 
considerable spread of particle sizes in all 
samples, centered around the value given 
by the Scherrer equation. The Scherrer 
equation has been used in preference 
throughout the work since 

(a) considerable differences in particle 
size exist between the catalysts derived 
from the three kinds of alloy; 

(b) within any system and for a given ex- 
periment the changes in peak shape pro- 
vide greater insight than the absolute parti- 
cle size values. 

RESULTS 

The intermetallic alloys CeRu2, CeCo;?, 
and CeFez all possess the MgCuz (C 15 
type) structure (4-6). Experiments were 
carried out over a range of conditions to 
characterize the structural and chemical be- 
havior of these alloy precursors, and the 
catalysts derived from them. Particular at- 
tention was given to following the evolution 
of the various solid phases and to the con- 
ditions required for onset of ammonia syn- 
thesis activity. The effects of temperature 
on particle growth and the consequences of 
using a variety of different activation proce- 
dures have also been investigated. In par- 
ticular, the effects of activating the alloy 
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precursors in HZ, NZ + HZ, and CO + HZ 
are described below. 

CeRu2 Precursors 

a. Interaction of CeRu2 with Hz. The dif- 
fraction patterns illustrated in Fig. 1 show 
that short-term (-1-hr) exposure of this al- 
loy to 20 bar of hydrogen at room tempera- 
ture resulted in gradual loss of diffraction 
lines due to the starting material, with con- 
current appearance and growth of new 
peaks. This new phase is an intermetallic 
hydride, CeRuzHX, where x lies between 4 
(7) and 5 (8, 9). The XRD data show that 
the cubic Laves phase structure of the orig- 
inal intermetallic is preserved upon hydro- 
genation, although significant lattice expan- 
sion occurs; the lattice parameter of the 
intermetallic hydride is -8.4 A, which 
agrees well with previous observations (8, 
9). 

Figure 1 also shows that continued expo- 
sure (-4 hr) to hydrogen under the same 

conditions of temperature and pressure led 
to the emergence of another phase, which is 
almost certainly a second inter-metallic hy- 
dride since metalhc Ru features are com- 
pletely absent from the diffraction patterns. 
It has not yet been possible to assign a 
structure to this second intermetallic hy- 
dride phase. These two intermetallic (ter- 
nary) hydrides coexist over a broad range 
of temperature and pressure. Figure 2 
shows that both phases were stable under 
40 bar of hydrogen at 200°C; raising the 
temperature to 250°C resulted in the grad- 
ual loss of both ternary hydrides. Increas- 
ing the temperature to 300°C caused further 
decomposition of both hydrides, and the 
appearance of an intense broad peak cen- 
tered on 28 - 28”. However, both interme- 
tallic hydride phases, once formed at low 
temperature, exhibited significant stability 
(-1 hr) upon raising the temperature di- 
rectly to 450°C. 

The effect of raising the temperature of 

CeRu, - H, 20 bar Room temp 

CeRu,H, 

45 

TWO-THETA (OEGREESI 

65 

FIG. 1. Room temperature hydrogen activation of the CeRu2 precursor alloy. Exposure time (a) 0 hr, 
(b) 1 hr, (c) 2 hr, (d) 4 hr. (*Peaks due to the sample holder.) 
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FIG. 2. Hydrogen activation of CeRu, at increasing temperature. (a) After 2 hr at 2OO”C, (b) 25O”C, 
(c) 3OO”C, (d) 450°C. 

the precursor directly to 450°C in 40 bar of 
hydrogen is also illustrated in Fig. 2. Under 
these conditions no intermetallic hydride 
peaks appeared in the diffraction patterns; 
instead, the original alloy was rapidly 
converted to an fee structure with lattice 
parameter characteristic of the nonstoi- 
chiometric binary cerium hydride, CeH2+X 
(0 s x I 1). The binary rare earth hydrides 
are known to exhibit nonstoichiometry 
over a wide range of composition without 
undergoing any change in structural type. 
In the case of cerium hydride, the fluorite 
structure is preserved from CeH1.8 to CeH3 
(20). In addition, Fig. 2 also reveals that 
decomposition of the intermetallic (ternary) 

hydrides also results in formation of this 
binary cerium hydride. That is, there ap- 
pear to be two routes for hydrogenolysis of 
the alloy, one of which does not involve 
transient formation of the intermetallic hy- 
dride . 

Heating the starting alloy to 2250°C in 
hydrogen (Fig. 2) also led to the appearance 
of a broad peak centered around 44-45”; 
this is due to the presence of crystallites of 
ruthenium metal. The peak showed a grad- 
ual increase in intensity over a IO-hr period 
at 250°C; at higher temperatures it grew 
more rapidly, while still retaining its broad 
profile. This behavior indicates a rise in the 
number of Ru crystallites contributing to 
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the diffraction peak, without significant 
particle growth; under these conditions, 
raising the temperature leads to faster ex- 
pulsion of ruthenium metal. Although anal- 
ysis of the Ru peak is complicated by its 
overlap with one of the CeH2+X peaks, the 
results indicate that the Ru crystallites have 
a diameter of -35 A. The metal particle 
size increased slightly with time, but even 
prolonged heating at 550°C did not result in 
the formation of significantly larger Ru par- 
ticles. This slow increase in crystallite size 
was also observed for the CeH2+X phase, 
where the Debye-Schemer particle size 
rose from 55 to 60 A over a 4-hr period at 
450°C. Crystallite growth stopped at this 
point, and holding the temperature at 550°C 
for 6 hr did not lead to any further growth. 
The rise and leveling off of the Ru peak 
intensity closely parallels that of the 
CeH2+X peak at 28 - 28”, an observation 
discussed in more detail below. 

b. Interaction of CeRuz with NJHz. The 
behavior of CeRuz in the 1: 3 N2 : HZ mix- 
ture was very similar to that observed in 
pure hydrogen. Intermetallic hydrides 
formed under the same conditions of tem- 
perature and total pressure as in the case of 
treatment in HZ alone. In view of this, it 
would appear that under these conditions, 
temperature is the critical variable which 
determines the stability of the intermediate 
hydrides. Indeed, further experiments 
showed that the temperature range of inter- 
metallic hydride stability was independent 
of hydrogen pressure for partial pressures 
between 5 and 50 bar, both ternary hydrides 
decomposing to the binary rare earth hy- 
dride after 4 hr at 300°C. Raising the tem- 
perature to 400°C in the presence of NJH2 
resulted in the immediate appearance of dif- 
fraction features characteristic of CeH2+X 
and Ru metal; that is, formation of the ter- 
nary hydride phases was not detectable. 
The broad nature of the Ru peak is clearly 
apparent and, once more, the intensity of 
this peak increased with time while the 
FWHM remained approximately the same. 
Profile analysis yields initial particle diame- 

ters of -35 A for Ru and -60 8, for CeH2+,, 
close to the values observed under similar 
conditions in pure hydrogen. At 450°C the 
Ru particle size increased slowly for the 
first 5 hr, but then remained constant at 
-40 A; subsequently raising the tempera- 
ture to 550°C for 6 hr resulted in no further 
increase in crystallite size. 

Ammonia synthesis activity of the 
CeHz+,/Ru system was monitored at 450°C 
in 50 bar NJH2. Due to the rapidity with 
which Ru was expelled from the precursor 
phase at 450°C (and, indeed, at any temper- 
ature high enough to produce a measurable 
ammonia yield) it was not generally possi- 
ble to test for correlation between the rise 
in ammonia yield and the intensity of the 
transition metal peak. (This was also the 
case for the Co- and Fe-containing alloys.) 
However, one CeRu* sample (and one 
CeFez sample) underwent much slower ac- 
tivation, so that in this case it was possible 
to follow the time evolution of solid phases 
and its correlation with catalytic perfor- 
mance. This CeRu2 precursor was pre- 
treated at 100°C in the N2/H2 mixture to 
form the two characteristic intermetallic 
hydrides. During this treatment, no ammo- 
nia activity was detected. On increasing the 
temperature to 450°C the ammonia yield 
rose slowly with time, while the diffraction 
patterns revealed that the inter-metallic hy- 
dride phases were still present after 12 hr 
under these conditions. However, features 
due to both CeH2+X and metallic Ru ap- 
peared after a short interval, and these 
showed a continued increase in intensity 
with time. Figure 3 shows that there is a 
good correlation between the rise and level- 
ing-off of ammonia activity, and the growth 
of both the transition metal and rare earth 
hydride particles. The ammonia yield lev- 
eled off at exactly the value observed for all 
the other CeHz+,/Ru catalysts. During the 
course of the reaction the size of the Ru 
crystahites showed a small but significant 
increase in size, from -35 to -40 A, indi- 
cating that for this sample the ammonia ac- 
tivity did not correlate with exposed sur- 
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Anomalous CeRu, Sample - N,/H, 50 bar Room temp-450% 
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FIG. 3. Structural and activity data for N2/H2 activation of the anomalous CeRuz sample at 50 bar/ 
450°C showing the correlation between the rise of ammonia activity and the growth of the ruthenium 
and cerium hydride peak intensities. 

face area of the Ru crystallites. With every 
other sample pretreated in this way peaks 
characteristic of the ternary hydrides ex- 
hibited a rapid decrease in intensity on rais- 
ing the temperature to 450°C and disap- 
peared completely after approximately 1 hr 
on stream. 

No decrease in the activity of any of the 
CeH*+,/Ru catalysts (nor of the Co- or Fe- 
containing catalysts) was observed over a 
4%hr period at 450°C. 

Figure 4 shows the variation in ammonia 
activity of a typical catalyst induced by 
raising the temperature in a series of steps 
from 450 through 475°C and 500 to 550°C 
and finally reducing it back to 450°C. Dur- 
ing this treatment the size of the Ru crystal- 
lites increased from -35 to -40 A, but the 
catalyst showed exactly the same activity 
during the second period at 450°C as during 
the first. 

The extreme air sensitivity of the 
CeH2+,/Ru catalyst was demonstrated by 
the observation that exposing an activated 

catalyst to air at room temperature for 1 hr 
resulted in the complete loss of all activity. 
XRD analysis revealed that this treatment 
caused conversion of the hydride to the bi- 
nary rare earth oxide, Ce02. 

c. Interaction of CeRu2 with COIHz. 
Rare earth/Cu alloys activated in CO/Hz 
yield exceedingly active methanol synthe- 
sis catalysts which appear to contain an 
ultradispersed form of Cu (3). Accordingly, 
the effects of such activation procedures 
were investigated in the present case. The 
alloy remained unchanged on heating to 
200°C in the presence of 40 bar of 1: 2 
CO : H2 mixture. However, raising the tem- 
perature to 300°C resulted in rapid conver- 
sion to cerium dioxide and metallic ruthe- 
nium. As Fig. 5 shows, a further increase in 
temperature to 400°C caused the integrated 
intensities of these diffraction features to 
rise; this was accompanied by a slight de- 
crease in the FWHM values. The RLJ crys- 
tallites were again very small (-40 A); the 
CeOz particle size was larger (-75 A) than 
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FIG. 4. The effect of increasing the temperature in steps from 450 to 550°C. The activity of the 
catalyst returns to its original value on reduction of the temperature back to 450°C. 
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FIG. 5. High-temperature CO/H2 activation of CeRu2. (a) 300°C; (b) 400°C. 
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that observed for the CeH2+x crystallites. thesis as that exhibited by other CeOz/Ru 
Maintaining the temperature at 550°C in systems prepared via different routes, i.e., 
CO/Hz did not lead to substantial particle no observable activity at 450°C in 50 bar 
growth of either the rare earth oxide or the N2/H2, and a small but detectable ammonia 
ruthenium metal. yield at 550°C. 

Alloys treated in CO/H2 at temperatures 
ranging from 300 to 550°C and subsequently 
exposed to the N2/H2 mixture at 450°C 
showed no ammonia synthesis activity. No 
activity was observed even after 24 hr un- 
der 50 bar of NJHz at 450°C. Increasing the 
temperature to 550°C eventually led (after 4 
hr) to the onset of ammonia synthesis activ- 
ity. However, the maximum steady-state 
activity of this oxide-based catalyst was 
only about one-tenth of that observed for 
the CeHz+,/Ru system at the same tempera- 
ture; cooling to 450°C caused the activity to 
fall back to an undetectable level. It should 
be noted that CeOz was stable under these 
highly reducing conditions, no conversion 
to the sesquioxide CezOj being observed. 
This agrees with previous reports (II, 12) 
according to which temperatures exceeding 
1000°C are necessary to effect complete re- 
duction to CezOj. 

Nix et al. (3) reported that prehydriding 
rare earth/Cu alloys in H2 before activation 
in CO/H2 could lead to higher initial metha- 
nol activity in the resulting catalyst; it was 
also found that the transient formation of 
intermetallic hydride phases played a criti- 
cal role in the production of these particu- 
lar, highly active catalysts. In the present 
instance, this was not found to be the case 
for ammonia synthesis catalysts. Prehydro- 
genating to generate the ternary intermetal- 
lit hydride phase before switching the gas 
feed to CO/H2 to form Ce02, followed by 
exposure to N2/H2, gave exactly the same 
low ammonia activity as observed without 
the intermediacy of the ternary hydrides. 

One possible explanation for the severely 
reduced activity of the catalysts activated 
in CO/H2 is blockage of active surface sites 
by carbon. Ru is known to be a very active 
methanation catalyst and this reaction pro- 
ceeds with finite probability of carbon de- 
position when Hz/CO % 2.7 (13) (this work, 
H#ZO = 2). GC analysis of the effluent gas 
was therefore used to test this hypothesis, 
replacing the infrared detection system de- 
scribed earlier. CeRuz samples activated in 
20 bar of CO/H2 at 450°C did in fact show 
high methanation activity. After 10 min un- 
der these conditions, when XRD indicated 
that complete conversion to CeOz and Ru 
had taken place, the gas feed was switched 
to pure hydrogen and CH4 production was 
monitored. Peaks due to higher mass hy- 
drocarbons (>C,) disappeared shortly after 
switching, while that due to methane died 
away over a lo-min period, as did the peak 
due to water. This indicates that both car- 
bon- and oxygen-containing species re- 
mained on the catalyst surface for some 
time, even when no CO was present in the 
gas feed and that some, if not all, of these 
species were removed by flowing hydrogen 
over the catalyst at 450°C. Experiments in 
which the CO/H2 gas feed was followed by 
a NJH2 mixture gave very similar results. 

The effect of forming the binary rare 
earth hydride prior to activation in CO/Hz 
was also studied. XRD revealed a gradual 
conversion of hydride to oxide over 3 hr 
immediately following the switch to CO/ 
Hz. Samples treated in this way followed 
the same activity pattern for ammonia syn- 

In these experiments, the time taken for 
the methane signal to die away increased 
with initial exposure to the activating CO/ 
H2 mixture. After a 1-hr activation in CO/ 
H2 at 450°C the CH4 signal disappeared 
completely after 20 min; after 6 hr exposure 
to CO/H2 the CH4 peak died away over 30 
min. It therefore appears that some carbon 
deposition does indeed occur during activa- 
tion in CO/Hz and that the amount of such 
deposition can be minimized by limiting the 
exposure to the CO/H2 mixture. It also 
seems likely that these species are almost 
entirely removed over a short period of 
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time in the N2/H2 mixture at 450°C: there 
was no perceptible difference in ammonia 
activity at 550°C for samples activated in 
CO/Hz for 10 min and those activated for 6 
hr under the same conditions. Similar ex- 
periments were conducted on samples of 
CeCoz and CeFe* and in both cases the 
trends were exactly the same as those re- 
ported above for the CeRuz-derived cata- 
lysts. These results strongly suggest that 
the very low ammonia synthesis activity of 
catalysts activated in CO/Hz is not due to 
extensive carbon deposits which are stable 
in NJH2. In order to confirm this view, an 
alternative oxidative activation procedure 
was used. Oxygen itself could not be em- 
ployed due to limitations imposed by the 
beryllium pressure vessel. Instead, a 
stream of nitrogen containing 100 vpm of 
water was passed over the starting alloy at 
20 bar and 450°C to effect the conversion 
to the oxide. For each alloy, the ammonia 
activity over the resulting CeOJtransition 
metal system was the same as previously 

observed over catalysts preactivated in the 
COIH2 mixture. 

Nix et al. (3) concluded that the very 
high methanol activity exhibited by Nd-Cu 
alloys was attributable to the presence of 
very small Cu entities invisible to XRD. 
Therefore a quantitative analysis was made 
of the amount of expelled Ru visible by 
XRD. Powdered CeOz and powdered Ru 
were mixed mechanically to produce an 
intimate mixture with molar ratio 1 : 2 
(Ce : Ru). Comparisons of the integrated in- 
tensities for this mixture and the CO/Hz ac- 
tivated catalysts indicated that at least 80% 
of the Ru present in the starting material 
was visible as metallic Ru in the diffraction 
patterns of the activated catalysts. 

CeCo2 Precursors 

a. Znteraction of CeCoz with Hz. CeCoz 
did not react with 40 bar of hydrogen at 
175”C, but, as Fig. 6 shows, raising the tem- 
perature to 200°C resulted in the formation 
of an amorphous phase inferred from the 

CeCo, - H, 40 bar 200-250% 

I I I 1 

25 4s 

TWO-THETA (DEGREES) 

65 

FIG. 6. Hydrogen activation of the CeCq precursor alloy. (a) Starting alloy; (b) 2OO“C, amorphous 
phase; (c) 250°C. 
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absence of diffraction peaks other than 
those due to the cell. This phase had a very 
limited range of stability, heating to 250°C 
yielding diffraction features characteristic 
of CeH2+x and cobalt crystallites. These 
features showed a gradual intensity rise 
over a IO-hr period at 250°C and a more 
rapid increase at higher temperatures. XRD 
indicated that raising the temperature di- 
rectly to 400°C at hydrogen pressures be- 
tween 5 and 50 bar gave CeHz+= and Co 
particles only. However, the simultaneous 
presence of the amorphous phase under 
these conditions cannot be ruled out. At 
this temperature the CeH2+x crystallites ex- 
hibited an increase in size from 50 to 60 A 
over a 4-hr period; i.e., these CeH2+* crys- 
tallites have approximately the same diam- 
eter as those formed by the CeRuz system. 
However, the Co crystallites are larger than 
the Ru cry&Rites described earlier, having 
diameters of -100 A. 

b. Interaction of CeCo;! with N2/Hz. The 

behavior of CeCoz precursors in N2/H2 
broadly resembled that observed in pure 
hydrogen. Low-temperature (200°C) activa- 
tion again gave the amorphous phase, 
which converted to CeH2+x and Co on heat- 
ing to 250°C or above; the Co crystallites 
again had diameters of -100 A. However, 
in contrast to the observations made in pure 
hydrogen, holding the temperature at 450°C 
in 50 bar of NJH2 for several hours resulted 
in the series of diffraction patterns shown in 
Fig. 7. A shoulder appeared on the CeH2+* 
peak at 28 - 31” and increased in intensity 
over a 4-hr period, beyond which it re- 
mained constant. This feature may be as- 
signed to cerium nitride, CeN; the activity 
of the catalyst did not correlate with the 
integrated intensity of the CeN peak. The 
CeHz+,/Co system was less active for am- 
monia synthesis than CeH2+,/Ru at all tem- 
peratures between 450 and 550°C as shown 
in Table 1. As with CeHz+,/Ru, increasing 
the temperature from 450 to 550°C led to a 

C&l, - N,/H, 50 bar 450% 

25 45 

TWO-THETA (DEGREES) 

66 

FIG. 7. NJHl activation of CeCs at 50 barl45O”C showing the gradual growth of the CeN peak. (a) 
After 1 hr, (b) 2 hr, (c) 4 hr. 
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TABLE 1 

Activities of the Three Systems at 50 Bar in a 
1: 3 Nz : Hz Mixture 

Catalyst Temperature 
system (“Cl 

Activity x 1tY 
(mol NH& 
cat-l mk’) 

CeH,+,/Ru 

CeHz+,/Co 

CeHz+,/Fe 

450 4.55 
500 9.17 
550 13.80 
450 3.25 
500 4.95 
550 6.90 
450 2.60 
500 3.81 
550 5.60 

rise in activity, the reaction rate falling 
back to its original value on cooling to 
450°C despite the small but significant Co 
crystallite growth (from -100 to -108 A) 
which occurred over the period at 550°C. 

c. Interaction of CeCoz with COIH2. 
Treatment of the alloy with 40 bar of CO/H2 
at temperatures ~250°C led to the forma- 
tion of CeOz and cobalt crystallites. The 
Co particles had diameters of - 115 A and 
showed little change in size even after pro- 
longed heating at 550°C; i.e., as with the 
Ru-containing alloy, the transition metal 
particles were larger when produced in the 
oxide matrix. The CeOz particles were -75 
A in diameter, approximately the same size 
as observed with CeRuz-derived catalysts. 
No ammonia activity was observed from 
the CeOz/Co system in 50 bar of N2/Hz at 
temperatures between 450 and 550°C. Fur- 
thermore, in contrast to the behavior of the 
CeHz+,/Co catalyst, no peak due to CeN 
appeared in the diffraction patterns on 
switching the gas feed from CO/Hz to Nz/ 
HZ. In addition, once CeN had been formed 
by activation in the N2/H2 mixture, even 
extended exposure to CO/Hz did not lead to 
a reduction in the intensity of the nitride 
peak. These two observations indicate that 
no nitride/oxide interconversion took place 
under these conditions. Exactly the same 
observations (both in terms of the phases 

present and in terms of the catalytic activ- 
ity) were made when preactivating CeCoz 
to form either the intermetallic hydride or 
the binary rare earth hydride en route to the 
oxide. 

CeFe2 Precursors 

a. Interaction of CeFez with Hz. Expo- 
sure to hydrogen (~50 bar) had no effect 
on CeFez at temperatures below 150°C. Fig- 
ure 8 illustrates the sequence of events 
which occurred when the alloy was heated 
in 50 bar Hz to temperatures in excess of 
150°C. At intermediate temperatures new 
diffraction features can be seen at 28 - 
27.5, 28.3, 39.8, and 48.9”. It is likely that 
these are due to formation of an intermetal- 
lit hydride, as no features due to metallic 
Fe are present; it has not yet been possible 
to assign a structure to this phase. In addi- 
tion to these “inter-metallic hydride” 
peaks, features due to the starting material 
are also visible in diffraction patterns taken 
at 200°C. Heating to 250°C extinguished 
these CeFe2 features, and at 300°C the “in- 
termetallic hydride” decomposed into the 
binary rare earth hydride and iron crystal- 
lites. Other authors have observed the 
same transformation at a similar tempera- 
ture (14). 

The sharp Fe peak is a striking feature of 
the diffraction patterns taken at tempera- 
tures above 300°C. This is in marked con- 
trast to the corresponding peak profiles due 
to both Co and Ru crystallites and corre- 
sponds to a particle diameter of -130 A; 
the peak sharpens up slightly on holding the 
temperature at 450°C (- 140 A crystallites). 
Growth of the CeH2+* particles also oc- 
curred, the size increasing from 85 to 95 A 
over a 12-hr period at 450°C. These cerium 
hydride crystallites were larger than those 
observed in both CeRuz- and CeCoz-de- 
rived catalysts. 

b. Interaction of CeFex with NJHz. The 
behavior of CeFez in the NJH2 mixture was 
very different from that in pure hydrogen. 
Figure 9 shows that exposure of the starting 
alloy to 50 bar of Nz/H2 at 450°C produced 
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&Fe, - H, 50 bar 200-300°C 50 bar 200-300°C 

&Fe, 

25 45 65 

TWO-THETA (DEGREES) 

FIG. 8. Hydrogen activation of the CeFe2 precursor alloy at a range of temperatures. (a) 2OO’T, 
showing the intermetallic hydride peaks (?); (b) 250°C; (c) 3OO”C, showing the formation of large iron 
crysta.llites. 

CeN, as well as CeH2+X and Fe crystallites. 
However, over a period of 6 hr the CeN 
peak became less sharp and finally disap- 
peared. During this interval the Fe crystal- 
lites increased in size from - 130 to - 140 A. 
The CeHz+,/CeN/Fe system exhibited 
lower activity for ammonia synthesis than 
both the CeH2+,/Ru and the CeH2+,/CeN/ 
Co catalysts as shown in Table 2. Further- 
more, the activity did not correlate at all 
with the intensity of the CeN peak. 

As in the case of one of the CeRuz pre- 
cursors, one CeFez sample was relatively 
slow to activate, and in this instance it was 
again possible to follow the time evolution 
of the system in more detail. It was found 
that the onset of ammonia activity did coin- 
cide with the appearance of CeH2+X and Fe 
diffraction peaks; furthermore, the increase 
and leveling-off of the reaction rate paral- 
leled the growth in the number of these 
crystallites, as was observed for the CeRuz- 

derived catalyst described earlier. Once 
again, the ultimate activity of the slow-to- 
activate sample was the same as that ob- 
served with CeFe* precursors which under- 
went rapid activation. For this particular 
CeFez sample a very substantial increase in 
Fe particle size occurred over a 6-hr period 
(from -80 to -130 A). Furthermore, while 
the reaction rate did correlate well with the 
intensity of the Fe peak, there was no cor- 
relation between the rate and the exposed 
surface area of the Fe crystallites as mea- 
sured by XRD: this is an observation which 
is even more striking than that made with 
the corresponding CeRuz sample. 

c. Interaction of CeFe2 with COIH2. 
CeFe2 did not react with 40 bar of the CO/ 
HZ mixture at temperatures below 250°C. 
At this temperature diffraction features 
characteristic of CeOz began to appear, 
growing in intensity as the temperature was 
raised to 450°C (Fig. 10); it can be seen that 
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FIG. 9. High-temperature (450°C) NJH2 activation of CeFez, showing the gradual loss of CeN over a 
period of time. (a) I hr; (b) 2 hr; (c) 4 hr; (d) 6 hr. 

CeFe, - CO/H e : N,/H, 40: 5’ 
I 

0 bar 250-450°C I 

I I I I I 
25 45 65 
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FIG. 10. CO/Hz preactivation of CeFez, followed by N2/H2 activation. (a) After 1 hr in 40 bar CO/H2 
at 250°C; (b) after 1 hr in 40 bar CO/H1 at 450°C; (c) after 1 hr in 50 bar N2/H2 at 450% showing the 
large increase in intensity and extreme sharpening of the Fe peak which occurs as a result of the CO/Hz 
+ NJHz switch. 
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under these conditions the Fe peak is small 
and broad. When the gas feed was switched 
to 50 bar N2/H2 at the same temperature, 
the Fe peak both increased in intensity and 
sharpened up considerably. This corre- 
sponds to a large increase in the number of 
crystallites contributing to the Fe peak, as 
well as a large increase in the size of these 
crystallites from -90 to -180 A. Further 
experiments, in which the preactivation 
time in the CO/H2 gas feed was varied, 
showed that this is indeed a real effect, 
since in every case the peak profile changed 
dramatically on switching to the N2/Hz gas 
feed. Thus, both the size and the number of 
Fe crystallites are dependent on the gas 
feed composition. The Ce02 crystallite size 
remained at -90 A throughout, approxi- 
mately the same as that of the CeH2+, parti- 
cles formed from the CeFe2 precursor. No 
conversion of CeOz to CeN was detectable 
under ammonia synthesis conditions. 

Once again, conversion of the initial in- 
termetallic to rare earth oxide and transi- 
tion metal particles produced a system 
which was inactive for ammonia synthesis 
at 450°C. As with the CeCo2-derived cata- 
lyst, raising the temperature to 550°C under 
50 bar of the N2/H2 mixture did not lead to 
the onset of detectable ammonia activity. 
Nor was an active catalyst produced by hy- 
drogenation either at low temperature (to 
produce the intermetallic hydride) or at 
high temperature (yielding the binary rare 
earth hydride) prior to conversion to the 
oxide. It is also noteworthy that high-tem- 
perature (450°C) hydrogenation resulted in 
the formation of CeH2+* and large Fe parti- 
cles (- 130 A), evidenced by a sharp diffrac- 
tion peak; this peak did not broaden on sub- 
sequently switching the gas feed to the 
CO/Hz mixture at 450°C but if anything it 
became sharper. 

DISCUSSION 

Interaction of hydrogen with RE-transi- 
tion metal compounds leads to the forma- 
tion of products which are strongly de- 
pendent on the treatment temperature. In 

general, at low temperatures, an intermetal- 
lit hydride which is isostructural with the 
parent alloy is formed; the associated lat- 
tice volume expansion may be as high as 
30% (15). Hydrogen atoms in these inter- 
metallic hydrides occupy interstitial sites 
within the metal matrix; hence the hydrides 
are formed with minimal disruption of the 
original lattice. This has the consequence 
that diffraction lines due to the intermetallic 
hydrides are narrower than those due to the 
binary rare earth hydride phase, whose for- 
mation involves considerable lattice disrup- 
tion. 

Low-temperature interaction of CeCo2 
with hydrogen led to an amorphous product 
whose formation may be rationalized by 
considering the metastable nature of the in- 
termetallic hydride phase which is likely to 
precede it. Thus if hydrogenation of the 
starting alloy were not too vigorous, the 
temperature would not reach a value high 
enough to permit significant diffusion of 
metal atoms. In such a case gross disrup- 
tion of the metal lattice would not occur 
and an essentially crystalline intermetallic 
hydride product might be expected. The ob- 
servations of Semenenko et al. (14) are in 
accord with this. On the other hand if the 
reaction conditions and exothermicity were 
to lead to a significant temperature rise, 
metal diffusion could occur. Particle 
growth would be inhibited by the transient 
nature of this temperature rise, resulting in 
the precipitation of X-ray amorphous parti- 
cles of the decomposition products (binary 
rare earth hydride and transition metal). 
Subsequent heating would lead to the 
growth of X-ray visible crystallites of 
CeH2+x and metallic Co, as observed exper- 
imentally. 

Analysis of the products of high-tem- 
perature hydrogenation is much more 
straightforward, since in each case com- 
plete hydrogenolysis was observed, yield- 
ing crystallites of cerium hydride and tran- 
sition metal. The observation that the 
CeRu2-derived intermetallic hydrides are 
stable to temperatures exceeding those at 



116 WALKER, RAYMENT, AND LAMBERT 

which the binary rare earth hydride is pref- 
erentially formed indicates that a direct 
route of alloy hydrogenolysis must exist 
(i.e., not involving the intermetallic hy- 
dride). In passing, it is worth noting that the 
transition metal particles which were pro- 
duced are very small (especially in the case 
of Ru) given the very high transition metal 
content of these materials. In order to ob- 
tain Ru particle sizes of 30-40 A by conven- 
tional techniques, the maximum permissi- 
ble ruthenium loading would be around 
5-7% (16, Z7). 

Interaction of the intermetallic com- 
pounds with N2/H2 generally followed the 
trends observed in Hz alone. However, an 
additional feature appeared in the diffrac- 
tion patterns of the CeCon- and CeFez-de- 
rived systems, which can be attributed to 
the formation of crystalline cerium nitride; 
the amount of thi,s phase increased to a con- 
stant level in the case of CeCo;!, but it grad- 
ually decreased to an undetectable level in 
the iron catalyst. The latter observation 
may be rationalized in terms of increasing 
disorder, since the peak broadened signifi- 
cantly before disappearing; why this should 
happen in one case and not in the other is 
not clear. The observed formation of CeN 
is relevant to an earlier report by Takeshita 
et al. (I) who stated that CeN peaks were 
clearly visible in the XRD pattern exhibited 
by an air-discharged ammonia catalyst de- 
rived from CeCoz, although they did not 
state whether Ce hydride peaks were also 
present. Peaks due to CeH2+x can, how- 
ever, be seen in their XRD pattern for 
the air-discharged catalyst derived from 
CeRuz, while CeN peaks are absent, in 
agreement with our observations. From a 
thermodynamic viewpoint CeN is undoubt- 
edly the most favorable product of the 
interaction of these intermetallics with 
N2/H2. The formation of cerium hydride, 
which predominates in all cases, must 
therefore reflect a kinetic barrier to CeN 
production, possibly a consequence of the 
high bond strength of the nitrogen mole- 
cule. The other possibility is that CeN is 

produced in a disordered form or as a thin 
surface layer, so that its presence remained 
partially (CeCoz and CeFe$ or completely 
(CeRuz) undetected. 

The most obvious candidate for the ac- 
tive site in these systems would appear to 
be the transition metal component, since 
Ru, Co, and Fe are all known to be active 
for ammonia synthesis. In the two slow-to- 
activate samples it was observed that the 
ammonia yield rose with increasing intensi- 
ties of the transition metal and CeH2+x 
peaks, indicating that creation of one, or 
both, of these phases gives rise to catalytic 
activity. Since CeHz+* is known not to be 
active for the synthesis, it seems likely that 
transition metal entities constitute the ac- 
tive sites, especially in view of the different 
activation energies observed for the three 
CeH2+,/transition metal systems (see Table 
2). However, the very different behavior 
of the CeH2+x- and CeOz-based systems 
makes it clear that the role of the support is 
crucial; this is discussed in more detail be- 
low. The activity data clearly demonstrate 
that CeHz+,/transition metal catalysts are 
far more active for ammonia synthesis than 
are the corresponding CeOJtransition 
metal systems. The possible role of site- 
blocking effects due to carbon deposition in 
the latter case has already been considered 
and discounted. Encapsulation of the metal 
phase by Ce02 appears unlikely in view of 
the finding that Cu/CeOz catalysts pro- 
duced by these means exhibit exceptionally 
high methanol synthesis activity (3). An- 

TABLE 2 

Apparent Activation Energies for 
Ammonia Synthesis” 

Catalyst Active .%&4w) 
precursor system (kJ/mol) 

CeRu, CeH*+,/Ru 48.5 
CeCo, CeHz+,/Co 33.0 
CeFe, CeH1+,/Fe 42.0 

U In a 1: 3 N2 : H2 mixture at 50 bar total pres- 
sure. 
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other possibility is that hydrogen spillover 
from the support to the transition metal 
crystallites is important, thus rendering 
CeOz relatively ineffectual. Atomic hydro- 
gen is certainly present within the cerium 
hydride support, so the proposal merits fur- 
ther consideration. 

CeH2 adopts the fluorite structure, with 
hydrogen atoms occupying predominantly 
the tetrahedral interstices of the fee metal 
sublattice. Incorporation of further hydro- 
gen results in filling of the octahedral inter- 
stices (18). Cerium hydrides, CeH2+* (x > 
0), dehydrogenate in two steps: hydrogen in 
the octahedral interstices is liberated at 
420°C followed by hydrogen from the tet- 
rahedral interstices at 850°C (19). The rela- 
tively low removal temperature of octahe- 
drally coordinated hydrogen strongly 
suggests that this hydrogen is mobile within 
the hydride lattice at temperatures relevant 
to ammonia synthesis. Spillover of atomic 
hydrogen at the hydride/transition metal in- 
terface therefore seems possible. Support 
for this view comes from the work of Kho- 
dakhov et al. (20) who observed that the 
catalytic activity of cerium hydride for the 
hydrogenation of ethylene was associated 
with the presence of superstoichiometric 
hydrogen, the stoichiometric compound 
(CeH2) being itself inactive. This consti- 
tutes clear evidence that weakly held hy- 
drogen in the octahedral interstices may, in 
certain circumstances, be catalytically ac- 
tive. The spillover hypothesis is further 
supported by the observation that very 
slow uptake of hydrogen by metallic Pd at 
room temperature is greatly accelerated by 
even mechanical contact with cerium hy- 
dride (21). Phase diagrams indicate that the 
stoichiometry of the hydride under the con- 
ditions employed in this work for ammonia 
synthesis would lie between CeH2,6 (at 
400°C) and CeH2.4 (at 550°C) (22). Mobile 
hydrogen would thus appear to be plenti- 
fully available for spillover. 

An alternative interpretation of the large 
difference in activity observed between hy- 
dride and oxide supports comes from a con- 

sideration of the mechanism of ammonia 
synthesis. The rate-determining step is be- 
lieved to be the dissociation of the nitrogen 
molecule, with the atomic nitrogen under- 
going subsequent hydrogenation on the 
metal surface (23, 24). Furthermore, the 
production of highly active conventional 
ammonia catalysts depends critically on the 
presence of alkali (25). This may be ratio- 
nalized in terms of electron donation from 
the alkali metal species to the active cata- 
lytic site thereby facilitating the dissocia- 
tive chemisorption of N2 (26). Such a view 
is supported by the work of Aika et al. (27) 
which showed that the rate of ammonia 
synthesis over promoted ruthenium in- 
creased as the ionization potential of the 
added alkali metal decreased (i.e., Ru-Cs 
> Ru-K > Ru-Na). Their work also sug- 
gested that the support (alumina or active 
carbon) could act as a medium of electron 
transfer from alkali to transition metal, im- 
plying that direct contact between the pro- 
moting species and the active site is not es- 
sential for charge transfer to occur. 

Another possible explanation can be ad- 
vanced in terms of SMSI effects. Thus the 
ammonia synthesis activity of ruthenium on 
MgO, AlzOJ, and SiOZ has been shown (28) 
to follow the sequence 

MgO B A&O3 > SiOz. 

EXAFS data (29) indicate that with both 
alumina and silica, a metal-support interac- 
tion occurs via oxygen ions of the support; 
this is consistent with XPS results (28) 
which show that substantial charge transfer 
occurs from the metal phase. Hence both 
metallic Ru and a species interacting with 
the support (Rus+) are believed to be 
present in these systems. The lower activ- 
ity of these catalysts may then be attributed 
to the presence of these Rus+ species, 
which inhibit nitrogen activation. Under 
the strongly reducing conditions of ammo- 
nia synthesis, however, ruthenium is 
present purely in its metallic form on MgO, 
which could account for the far higher ac- 
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tivity exhibited by this system. In the 
present case it is therefore possible that the 
transition metal particles interact with oxy- 
gen ions of the CeOz support, leading to a 
depletion of transition metal electron den- 
sity and correspondingly low ammonia 
activity. In contrast, the transition metal 
particles in the CeHl+,/transition metal 
systems are likely to undergo charge trans- 
ferfiom the support, given the electroposi- 
tive nature of the rare earth hydride (30, 
31). Enhanced ammonia activity could then 
result from this interaction. Support for this 
general view comes from the work of Aika 
et al. (32), who report that the turnover fre- 
quency of ammonia synthesis over sup- 
ported Ru is far greater in the Ru/MgO and 
Ru/CaO systems than it is for the Ru/Al203 
system. They attribute this to differences in 
electronegativity of the oxide support. This 
hypothesis is lent further credence by the 
results of XPS experiments, where the Ru 
3d binding energy was found to be higher in 
the Ru/Alz03 case than in both the Ru/MgO 
and Ru/CaO systems. 

The activity loss of CeHz+,/Ru catalysts 
exposed to air at room temperature for 
short periods of time cannot be entirely due 
to the observed hydride + oxide conver- 
sion. If such were the case, air-exposed hy- 
dride catalysts should exhibit measurable 
activity at 55O”C, and they do not. A possi- 
ble explanation is that air exposure leads to 
the formation of Ru in an (amorphous) oxi- 
dized, and therefore inactive, form. 

The ordering of ammonia activities ex- 
hibited by the three systems is of interest: 
activation in Nz/Hz produced the sequence 
CeRu2 > CeCo2 > CeFez. Activation in 
CO/H2 also resulted in the CeRu2-derived 
catalyst exhibiting the highest activity; in 
this case, the ammonia yield from both the 
CeCoz- and CeFez-derived systems was be- 
low the detection limit of the apparatus. 
This ordering contrasts with that reported 
for the metals themselves which exhibit the 
sequence Fe > Ru + Co (33,344). Our find- 
ings are in agreement with the conclusions 
of Takeshita et al. (I), who worked with 

similar materials and used BET surface ar- 
eas to arrive at the ordering Ru > Co > Fe. 

Nevertheless, it seems reasonable to at- 
tribute the ammonia activity of these sys- 
tems to the transition metal component, 
since neither cerium oxide nor cerium hy- 
dride is known to catalyze the reaction. If 
the “conventional” sequence (Fe > Ru s 
Co) is taken as an index of the intrinsic ac- 
tivity of the three metals, three possible ex- 
planations for the sequence observed here 
(Ru > Co > Fe) may be considered: 

(a) metal-support interactions affect the 
three transition metals to different extents, 

(b) hydrogen spillover effects from the 
hydride support occur to different extents, 

(c) the particles observed in the diffrac- 
tion patterns are not responsible for the ac- 
tivity of these systems; very small crystal- 
lites, invisible to XRD, are in fact the active 
sites. 

These ideas are explored below: 
(a) It is well known (e.g., Ref. (27)) that 

ammonia synthesis over Ru catalysts is 
very sensitive to the presence of pro- 
moters. Furthermore, the work of Ozaki et 
al. (35) has shown that the activity of K- 
promoted carbon-supported ammonia cata- 
lysts follows the sequence Ru > Co > Fe. 
It is therefore possible that in the present 
case, the sensitivity of the transition metal 
ammonia activity to the promoting action of 
the hydride support follows the same se- 
quence (Ru > Co > Fe). 

(b) If hydrogen spillover effects are im- 
portant (as suggested by the very different 
properties of oxide- and hydride-supported 
catalysts) then the most active sites will 
presumably be those at the metal-support 
interface. The greatest number of such sites 
should occur in the Ru system (followed by 
Co, then by Fe) in view of the observed 
average particle sizes. 

(c) The final possibility is that crystallites 
visible by XRD may not actually be respon- 
sible for the catalytic activity. This hypoth- 
esis is consistent with the fact that ammo- 
nia activity does not appear to correlate 
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with transition metal particle size or with 
any available estimate of exposed metal 
area. Indeed, earlier work on highly active 
methanol synthesis catalysts derived from 
Cu/rare earth alloys has shown that XRD- 
visible Cu particles are not responsible for 
the observed activity (3): it seemed likely 
that very small Cu entities played the cru- 
cial catalytic role. In the present case, this 
would imply that CeRu2 was the most effec- 
tive precursor for generating very small 
transition metal particles. Such an interpre- 
tation would be in line with the observed 
relative sizes of the XRD-visible metal par- 
ticles (Ru < Co < Fe) and with the higher 
sintering resistance of Ru (36). 

transition metal crystallites; this suggests 
that the active site is associated with the 
creation of one or possibly both of these 
phases. 

5. The corresponding CeOz/transition 
metal systems produced by reaction with 
CO/H2 were catalytically almost inert, de- 
spite having metal dispersions comparable 
with those of the CeH2+,-based materials. 
Likewise, oxidation of the hydride-based 
catalysts to yield Ce02 led to a large and 
irreversible loss of activity. 

A definitive conclusion about these pos- 
sibilities awaits further structural and 
mechanistic work on these interesting ma- 
terials. It seems clear that the high activity 
is associated in some way with very high 
dispersion of the transition metal compo- 
nent. However, it is also apparent that 
some other factor is at work: the difference 
between oxide- and hydride-supported cat- 
alysts points to the operation of some kind 
of specific metal-support interaction, pos- 
sibly involving the spillover of hydride hy- 
drogen. Work is under way in our labora- 
tory which is aimed at addressing some of 
these issues. 

6. Although most of the transition metal 
in these catalysts is visible by XRD, in 
every case there was no correlation be- 
tween the surface area estimated by XRD 
and the catalytic activity of the system. 

7. The special activity of these catalysts 
seems to derive from an intimate interac- 
tion between the cerium hydride “support” 
and the transition metal component; the lat- 
ter may be present in a highly dispersed 
form. 
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