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The activation, steady-state performance, and poisoning of efficient ammonia synthesis catalysts 
derived from a CeRu 2 precursor have been studied by in situ X-ray absorption spectroscopy at 50 
bar pressure and at temperatures up to 450°C. The EXAFS and near-edge data supported by earlier 
XRD studies under identical conditions indicate that the active phase consists of ultradispersed, 
electron-rich Ru entities with low metal-metal coordination and in intimate contact with the CeH2+x 
support. Oxidation of this material yields CeO2/Ru; this system is catalytically inert and exhibits 
none of the unusual structural or electronic properties of the active CeH2+x/Ru catalyst. © 199o 
Academic Press, Inc. 

INTRODUCTION 

Catalysts derived from rare earth interme- 
tallic precursors can exhibit very high spe- 
cific 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 (1). X-ray diffraction (XRD) 
methods have been used to examine cata- 
lysts of this type after use (1, 2), although 
such postmortem measurements are of lim- 
ited value due to the extreme air sensitivity 
of these materials. In an earlier paper (3) 
we reported on the results of a controlled 
atmosphere in situ XRD study of the genesis 
and reactive behaviour of ammonia synthe- 
sis catalysts derived from CeRu 2, CeCo2, 
and CeFe2; these observations were cou- 
pled with concurrent measurements of the 
catalytic activity. It was found that CeRu2 
activated by exposure to N2/H 2 generated 
the most active catalysts and that these ma- 
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terials consisted of Ru metal in contact with 
a cerium hydride support. When the hy- 
dride-based catalyst was converted to the 
corresponding oxide-based material by in 
situ oxidation, it was found that there was 
no significant change in size of the XRD- 
visible Ru particles (-35 .~)--although the 
catalytic activity was completely sup- 
pressed. The inference would appear to be 
that the active, hydride-based catalyst must 
contain a large amount of a highly active 
form of Ru which is undetectable by XRD. 

In this paper we describe the results of an 
in situ study by X-ray absorption spectros- 
copy (XAS) in which both EXAFS and near- 
edge data were obtained from the chemi- 
cally evolving systems which are generated 
by exposure of a CeRu 2 precursor to various 
reactive atmospheres at pressures of 50 bar 
and at temperatures up to 450°C. A particu- 
lar feature of the work is that measurements 
of ammonia synthesis activity or other sig- 
nificant changes could be made under the 
relevant conditions of temperature and pres- 
sure, while the sample was actually in the 
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synchrotron beam. The principal object of 
the work is to characterise further the active 
catalyst phase which evaded direct observa- 
tion in our earlier XRD investigation. Here, 
EXAFS and near-edge data, supported by 
the earlier XRD results, indicate that the 
catalytically active system CeH2+x/RU con- 
tains ultradispersed Ru entities in which the 
metal-metal coordination is unusually low; 
it is also possible that these species are elec- 
tron rich compared to ordinary Ru metal. 
The ostensibly similar but inactive system 
CeO2/Ru does not exhibit these properties. 

EXPERIMENTAL 

The controlled atmosphere cell used for 
in situ XAS measurements was a modified 
version of the device used in our earlier in 
situ XRD investigation of ammonia synthe- 
sis over cerium-transition metal systems 
(3). This cell has been described in detail 
elsewhere (4); it was adapted to permit the 
detection of the fluorescent X rays for the 
present work and could be operated at 50 bar 
and 450°C whilst in the synchrotron beam. 
Thus the present XAS  observations and our 
earlier XRD measurements (3) employed 
identical sample environments. 

The nature of the measurements necessi- 
tated working in the fluorescence mode 
rather than in the more commonly used 
transmission mode. Within these materials, 
the attenuation length (-20/~m) at photon 
energies just above the absorption edge 
would require the preparation of very thin 
pinhole-free samples if transmission geome- 
try were to be employed. This would be 
very difficult, especially in view of the air- 
sensitive nature of the CeRu 2 precursor. In 
addition, the fragmentation of starting mate- 
rial which inevitably occurs during sample 
activation would totally preclude the use of 
the transmission mode. Furthermore, in the 
fluorescence mode, the effective penetra- 
tion depth for shallow angles of photon inci- 
dence is -3 .4 /zm.  This is close to the pene- 
tration depth ( -2 .5  /xm) of the X rays 
employed in our earlier XRD study of these 
materials so that the present XAS results 

may be usefully compared with the earlier 
XRD data. 

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 evacuated 
quartz ampoule. For each run a catalyst 
charge of approximately 0.3 g was crushed 
to a particle size of 50-250/xm and loaded 
into the sample cell under an argon atmo- 
sphere. The cell was then sealed and trans- 
ferred to the spectrometer. In our earlier 
work (3) XRD observations indicated that 
such controlled atmosphere sample-han- 
dling techniques resulted in no detectable 
oxidation of the fresh catalyst charge: the 
initial XAS measurement on the intermetal- 
lic precursor confirmed this. 

Reactant gases (BOC Ltd.) were used 
without additional purification: premixed 
CO/H2 (33/67; impurities: 02 5 ppm, H20 2 
ppm, and CO z 20 ppm) and premixed N2/ 
H2 (25/75; impurities: 02 4 ppm and H20 4 
ppm). A flow rate of 20 standard cm 3 per 
minute (sccm) was used with total gas pres- 
sures of between 1 and 50 bar. Production 
of ammonia was monitored using a titration 
technique, after absorption of the product 
in the effluent stream by 0.1 M sulfuric acid 
solution. Calibration tests using inlet 
streams of up to 10% ammonia in nitrogen 
revealed that all the ammonia was absorbed 
by the acid under these conditions. 

The Ru K-edge XA spectra were collected 
over the range 21,800-22,800 eV in the fluo- 
rescence mode; measurements were made 
at SERC Daresbury Laboratory on station 
9.2. A Si(220) double crystal, order-sorting 
monochromator was used, operating at a 
resolution of 4 eV. Incident intensity (I0) 
was measured by an ionisation chamber, 
while fluorescent intensity (IF) was recorded 
using a set of 13 solid-state energy disper- 
sive detectors (Canberra). Each detector 
was windowed around the RuKa fluores- 
cence energy to maximise the signal-to- 
background ratio. Several spectra were 
taken of the catalyst under each condition, 
both to check reproducibility and to allow 
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improvement of the signal-to-noise ratio by 
addition of the spectra; each scan took - 3 0  
min. Measurements on the activated cata- 
lysts were made initially at 450°C (reaction 
temperature) and then at room tempera- 
ture-- the latter in an attempt to reduce ther- 
mal smearing of the EXAFS data. 

Quantification of the EXAFS data by 
modeling to match theoretical and experi- 
mental data was carried out using program 
EXCURVE at Daresbury Laboratory (5). 
With this program the EXAFS data are Fou- 
rier filtered and subsequently modeled using 
a least-squares fitting routine and calculated 
phase shifts which had previously been re- 
fined in the same program against data for 
standard materials (e.g., Ru powder). The 
quality of the data was such that only the 
first metal-metal coordination shell could 
be successfully modeled. 

Measurements were made at shallow 
angles of X-ray incidence to facilitate in situ 
studies of the catalyst bed and to probe se- 
lectively the outer surface of the catalyst 
particles. This calls for appropriate allow- 
ances to be made during quantification of 
the EXAFS data. In conventional 450/45 ° 
geometry (6) IF/Io is linearly dependent on 
the absorption coefficient for dilute samples 
or thin layers. Departure from these condi- 
tions leads effectively to a reduction in the 
normalised EXAFS amplitudes and uncer- 
tainty in the evaluation of coordination num- 
bers. However,  since the average absorp- 
tion coefficient varies relatively slowly at 
wavelengths beyond the absorption edge, it 
is possible to make a reasonable assessment 
of correction factors for the coordination 
numbers, knowing angle of incidence and 
sample thickness. In the present case, using 
program ABSCAL (7), it has been shown 
that at angles of incidence of 1 ° XAS probes 
the outermost few microns of the catalyst 
particles and that normalised EXAFS ampli- 
tudes are reduced to -0 .36  of their ideal 
values. Since we are dealing with a concen- 
trated species and relatively large catalyst 
granules, the results are insensitive to small 
variations in angle of incidence in the range 
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FIG. 1. XAS traces of the active catalyst CeH2+x/RU 
at (a) 450°C and (b) room temperature. 

0.3-3.0 °. Program ABSCAL is based on 
ideas originally presented in Ref. (6) and 
more recently developed to consider films 
(8), In our case coordination numbers de- 
rived by modeling to match theoretical and 
experimental data should therefore be multi- 
plied by a factor of -2 .8,  

RESULTS 

The CeRu2 was first characterised in 2 
bar NE/H2 (1/3) at room temperature; under 
these conditions the intermetallic is com- 
pletely unreactive (3). After recording two 
spectra the gas pressure was raised to 50 
bar and the temperature increased to 450°C. 
XAS data obtained by the addition of five 
consecutive spectra under these conditions 
are shown in Fig. I. The concurrently mea- 
sured ammonia synthesis activity of this cat- 
alyst at 450°C is shown in Fig. 2. It can be 
seen that the activity rose rapidly, achieving 
a steady rate of ammonia production after 
approximately 1 h. The catalyst was then 
cooled to room temperature, and further XA 
spectra were recorded: Figure 1 also shows 
the room temperature spectrum of the active 
phase obtained by the addition of two con- 
secutive XAS traces. As expected, the 
EXAFS oscillations can be seen more 
clearly in the room temperature spectrum, 
due to the reduced smearing from the De- 
bye-Waller factor. The ka-weighted data fit 
of the catalyst at room temperature is shown 
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FIG. 2. Ammonia synthesis activity data for N2/H 2 
activation of the CeRu 2 precursor alloy at 50 bar and 
450°C. These data were collected while the XAS traces 
of Fig. la were being recorded. 

in Fig. 3; this yields a Ru-Ru nearest neigh- 
bour distance of 2.66 .A, with a Ru-Ru coor- 
dination number of 5.3. 

Our earlier in situ XRD reaction data (3) 
revealed that the catalytic activity of these 
cerium/transition metal-derived systems 
was entirely quenched by treating the active 
catalyst in a CO/H2 mixture at 450°C. XRD 
analysis showed that the active cerium hy- 
dride/transition metal system was con- 
verted to an inactive cerium oxide/transi- 
tion metal system under these conditions. 
The origin of this drastic change in behav- 
iour was not revealed by the XRD measure- 
ments, so the phenomenon was investigated 
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FIG. 3. Data fit of k3x(k) against k for the active 
CeH2+x/Ru catalyst at room temperature. 
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FIG. 4. XAS trace of the inactive CeO2/Ru catalyst 
at room temperature. The important near-edge feature 
is arrowed. 

by XAS as follows. After the room tempera- 
ture X-ray absorption spectrum of the active 
catalyst had been recorded, the temperature 
was increased to 450°C in 50 bar o f  CO/ 
H2. After 1 h under these condit, ions, during 
which time a spectrum was recorded, the 
temperature was lowered to room tempera- 
ture and two further spectra were obtained: 
the trace resulting from addition of these 
two room temperature spectra is shown in 
Fig. 4. A comparison of Figs. 1 and 4 reveals 
significant differences between the two sys- 
tems. First of all, the magnitude of the 
EXAFS is much greater in the inactive 
CeOz/Ru catalyst. Secondly, the edge fea- 
ture (arrowed) in Fig. 4 is not present in the 
spectrum of the active CeHz+x/RU system. 

The k3-weighted data fit of the CeOz/Ru 
catalyst at room temperature is shown in 
Fig. 5. This analysis yields a Ru-Ru first 
shell distance of 2.63 A, and a Ru-Ru coor- 
dination number of 10.4. After the room 
temperature CeOz/Ru spectra had been re- 
corded, the gas feed was switched to 50 bar 
of Nz/H 2, and the catalyst temperature in- 
creased to 450°C. The XAS traces recorded 
during this high-temperature period were 
identical to those obtained at the same tem- 
perature in the CO/H2 atmosphere. Further- 
more, no ammonia synthesis activity could 
be detected with this system, in agreement 
with the results from our earlier XRD/reac- 
tion study of this catalyst (3). 
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FIG. 5. Data fit of k3x(k) against k for the inactive 
CeO2/Ru catalyst at room temperature. 

In their work on Cu/rare earth oxide 
methanol synthesis catalysts derived from 
Cu/rare earth intermetallics (4), Nix et al. 
found that superior catalytic activity could 
be induced by preforming the metal hydride 
before treatment with CO/H 2. Therefore in 
the present case, to investigate what effect, 
if any, preforming the binary rare earth hy- 
dride had on the ultimate oxide/ruthenium 
system, an additional experiment was per- 
formed. A fresh charge of the CeRu 2 precur- 
sor alloy was loaded into the cell and subse- 
quently treated in 50 bar CO/H2 at 450°C for 
several hours, thus bypassing the cerium 
hydride stage. The XA spectra recorded 
during this period showed that the ruthe- 
nium particles generated by this treatment 
had a morphology identical to that of those 
produced by the oxidation of the CeHE+x/ 
Ru active catalyst. Following the treatment, 
the gas feed was switched to the Nz/H2 mix- 
ture, while the catalyst temperature was 
held constant at 450°C. Again, no changes 
in the XA spectra were observed, and no 
ammonia synthesis activity was detected. 

DISCUSSION 

The XAS data presented in Figs. 1 and 4 
clearly show that the ruthenium environ- 
ment is very different in the two catalyst 
systems studied here. Within the experi- 
mental error and taking into account esti- 
mated uncertainties in the fitting procedure, 

we find that the measured Ru-Ru bond dis- 
tances are the same in both catalysts and 
equal to that in bulk Ru metal. However,  
there are very substantial differences in the 
Ru-Ru coordination number between the 
two cases. These differences lie well outside 
the uncertainties estimated for the coordina- 
tion numbers using the MAP routine in pro- 
gram EXCURVE (5) to investigate correla- 
tion between parameters (in this case 
between coordination number and De- 
bye-Waller disorder). For the CeH2+x/RU 
and CeO2/Ru catalysts, at the 95% level of 
confidence, these values are 5.3 --- 1.5 and 
10.4 --- 1.8, respectively, taking into account 
the effect of using Fourier filtered first coor- 
dination shell data to carry out EXAFS 
modeling as discussed in Ref. (9). These 
differences are of course directly detectable 
in the experimental data by the large (× 2) 
difference in EXAFS amplitudes (Figs. 3 
and 5). We can therefore conclude that the 
active ammonia synthesis catalyst, which 
comprises cerium hydride and ruthenium 
particles, has a much smaller average 
Ru-Ru coordination number than does the 
inactive CeO2/Ru system. In addition, a 
near-edge feature appears when the cerium 
hydride is oxidised to generate the inactive 
CeO2/Ru catalyst. 

Our X-ray diffraction studies under iden- 
tical conditions (3) showed that the interac- 
tion of N2/H2 with CeRu2 at 450°C results 
in the generation of material consisting of 
cerium hydride-supported ruthenium. Ap- 
plication of the Scherrer equation to the ru- 
thenium peaks implied that the metal was 
present as 35-A crystallites. No  change in 
the Scherrer-derived metal  particle size was 
seen when the actioe cerium hydride-based 
catalyst was converted to the inactioe ce- 
rium oxide-based catalyst. However,  very 
small crystallites (<20 A) would not be de- 
tected by XRD, and indeed for particle sizes 
of -<40 .A XAS is a much more powerful 
technique than XRD. Thus it seems likely 
that in the present case, the low average 
Ru-Ru coordination number observed in 
the CeH2+x/RU system is due to the pres- 
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ence of a large number of very small ruthe- 
nium clusters (as well as the XRD-visible 
-35-/~ particles); the low coordination num- 
bers measured here strongly suggest the for- 
mation of very small ruthenium entities. 
Crystallite sizes may be estimated from the 
observed coordination numbers using pub- 
lished calculations for ideal cuboctahedral 
crystals (10) giving values o f - 8  and 40 A for 
the hydride- and oxide-supported systems, 
respectively. These sizes correspond to 
clusters containing - 13 and I000 atoms, re- 
spectively. For the CeO2/Ru system there is 
excellent agreement between the Ru particle 
sizes derived from XAS and XRD. Confir- 
mation of the size of the Ru entities in at 
least this sample is given by examination 
of the Fourier transform radial distribution 
function derived from EXAFS. This shows 
a clear indication of higher coordination 
shells out to twice the first shell radius. The 
reduced relative contribution of these shells 
compared to those of bulk Ru is consistent 
with small particles and the measured in- 
crease in Debye-Waller  disorder from 
EXCURVE. For example, for the first shell, 
the latter increases from a 2o  .2 value of 0.009 
for bulk metal to 0.014 -+ 0.002 for C e O 2 /  

Ru. For CeHE+x/Ru, the higher shell contri- 
butions, if they exist, lie within the noise of 
the Fourier transform. 

For the Cel l  2 +x/Ru catalyst where the co- 
ordination number is only 5,3 either a cluster 
of - 8  ~, diameter containing only 13 atoms 
or a single layer raft of ruthenium (no ~< 6) 
could be postulated. However,  XRD mea- 
surements taken under identical conditions 
show the presence of both cerium hydride 
and ruthenium. Figure 6 shows the XRD line 
profiles calculated from the Debye formula 
(11) for a 13-atom Ru cluster, a 20-,~ raft, 
and a 30-,~ Ru crystaUite. These simulations 
show that only the latter could account for 
the major features of the Ru reflection. From 
a comparison of the simulated and observed 
XRD lineshapes it is clear that some of the 
ruthenium crystallites present are larger 
than 30 ~ while others are smaller; i.e., a 
range of particle sizes exists. Nevertheless, 
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FIG. 6. XRD simulations overlaid on the raw CeH2÷x/ 
Ru XRD data. The three simulations represent: (a) a 
30-.~ crystailite, (b) a 20-A diameter raft, and (c) a 13- 
atom cluster. Peaks on the raw data correspond to: (1) 
CeH2+~, (2) CeRu~H~, and (3) Ru. 

within this range the coordination number 
for ruthenium in these crystallites will be 

10. As previously stated, it is very difficult 
to detect the presence of very small clusters 
by XRD so it is important to estimate the 
fraction of ruthenium found in these -35-,~ 
crystallites. This can be determined by 
quantitative analysis using a suitable inter- 
nal standard. This has been done in two 
ways. First of all, the experimental ruthe- 
nium intensities were compared with those 
from a 2:1 molar mixture of crystalline 
CeO2 and Ru under the same experimental 
conditions. A second and more reliable esti- 
mate can be obtained by noting that the XAS 
measurements imply that all of the Ru in the 
CeO2/Ru catalyst exists as - 35  A crystal- 
lites. This means that all of the Ru in the 
CeO2/Ru sample is visible to the XRD tech- 
nique, thereby providing an internal stan- 
dard for the XRD measurements. From this 
we can deduce that - 60% of the Ru present 
in the CeH2+x/Ru catalyst is visible in XRD. 
The same figure was obtained from the 2 : 1 
molar mixture control experiment. This 
XRD-visible presence of 60% of the Ru in 
- 3 5 - ~  crystallites (no - 10) implies that the 
remaining ruthenium must have an ex- 
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FIG. 7. XAS traces of the Ru and RuO2 standard 
samples at room temperature. The vertical "Fluores- 
cence Yield" scale applies only to the Ru data. 

tremely low coordination number since the 
total average coordination number in the ac- 
tive CeHE+x/Ru catalyst is 5.3. The average 
coordination number of the remaining Ru 
entities may well be less than 2. Since this 
material is associated with the cerium hy- 
dride the backscattering from the nearest- 
neighbour shell of hydrogen atoms would be 
too weak to be observed. 

Thus a combination of XRD and XAS 
measurements leads to the conclusion that 
the ruthenium has a broad distribution of 
particle sizes. It is very clear, however, that 
a large number of Ru entities are extremely 
small, possibly comprising only one or two 
atoms. Somewhat ironically, the very small 
ruthenium particles are "invisible" to both 
XRD and EXAFS in the sense that in the 
former they do not contribute to the (102) 
reflection and in the latter the first coordina- 
tion shell observed arises predominantly 
from the crystalline ruthenium particles. 

In addition to a substantial increase in 
coordination number, oxidation of the hy- 
dride support also leads to the appearance 
of a near-edge feature in the XA spectra. 
Figure 7 shows XA spectra of Ru and RuO 2 
standard samples. It can be seen that the 
near-edge feature is present in both traces, 
but it is distinctly more pronounced in the 
RuO 2 data. Such features, often referred to 
as "white lines," are caused by spectro- 

scopic transitions (AI = _+ I) from ls to un- 
occupied p states (K-edge) or 2p to unoccu- 
pied d states (Lz- and L3-edges). Hence, L E- 
and L3-edge spectra can be used to probe 
d-band occupancy in transition metal sys- 
tems, as demonstrated by the pioneering 
work of Lytle (12). In the cases of Au, Pt, 
Ir, and Ta, Lytle found an approximate cor- 
relation between the intensity of the white 
line feature and the estimated d-band occu- 
pancy, as determined from electron band 
structure calculations. The possibility of ob- 
taining d-band character directly from white 
lines has stimulated many studies at the L 2 
and L 3 absorption edges, especially in cata- 
lytic systems where correlations between 
electronic structure and chemical behaviour 
are sought (e.g., Refs. (13-15)). 

Fewer studies have been carried out at 
the K-edge of transition metals, since these 
transitions do not directly probe the d-band. 
Theoretical studies have established that the 
white line observed in the K-edge structure 
of 4d transition metals such as Ru corre- 
sponds to transitions to the 5,o band (16, 17). 
It should be stressed, however, that such 
calculations are not straightforward, since 
the spectral region being modeled lies be- 
tween that most readily described by va- 
lence band calculations (pre-edge) and that 
described by multiple scattering (18). Nev- 
ertheless, our data show that these transi- 
tions are strongly suppressed in the Cell2 +x/ 
Ru catalyst, so it is clear that the electronic 
structure of ruthenium in the hydride system 
is very different from that in the oxide. One 
possible explanation is that the suppression 
of these white line transitions in the hydride 
case is a direct result of electron transfer 
from the support to the ruthenium entities. 
This electronically modified ruthenium 
would then have a low ls-5p transition 
probability and hence a white line feature of 
reduced intensity. In the CeOE/RU catalyst, 
on the other hand, any electron transfer 
would be expected to be in the opposite 
direction, i.e., from the ruthenium crystal- 
lites to the electronegative CeO 2 support, 
leading to an enhancement of the white line 



74 WALKER ET AL. 

intensity. This is consistent with EXAFS 
data which indicate that in the Ru/AI203 and 
Ru/SiO2 systems the metal is anchored to 
the support via Ru-O bonds (19, 20); it is 
also consistent with XPS results (21) which 
show that substantial charge transfer occurs 
from the metal phase in these systems. This 
interpretation is further supported by the 
XA spectra of the Ru and RuO 2 stan- 
d a r d s - t h e  Ru species are expected to have 
a greater electron density in metallic Ru than 
in RuO2, and the lowest white line intensity 
is in fact observed for Ru metal. The en- 
hanced electron density hypothesis can also 
be invoked to explain the observed ammo- 
nia synthesis activity data. The rate-deter- 
mining step in the reaction is believed to be 
the dissociation of the nitrogen molecule, 
with the atomic nitrogen undergoing subse- 
quent hydrogenation on the metal surface 
(22, 23). The work of Ertl (24) on iron single 
crystals and that of Ozaki and co-workers 
(25) on ruthenium catalysts strongly sug- 
gests that the addition of alkali metal spe- 
cies, necessary in the generation of highly 
active conventional ammonia catalysts (26), 
promotes the reaction via electron transfer 
to the active catalytic site. This increase in 
the electron density of the active site facili- 
tates the dissociative chemisorption of ni- 
trogen by enhancing the back-donation from 
the metal orbitals to the antibonding 7r* or- 
bitals of the nitrogen molecule. This weak- 
ens the N - N  bond, increases the rate of N 2 
dissociation, and hence increases the rate of 
the reaction. In the CeH2+x/Ru catalyst, the 
electron-rich Ru species should therefore 
have a high ammonia synthesis activity; cor- 
respondingly, the ruthenium in the CeO2/ 
Ru system has a lower electron density and 
exhibits much lower catalytic activity. 

However,  it is also possible that the ob- 
served near-edge behaviour is due entirely 
to the changes in particle size discussed 
above. Thus it is not necessarily correct to 
equate the number ofp  band vacancies with 
net electron vacancies. It is possible that an 
electron deficiency is not present at all, but 
that the number of observed p vacancies is 

made up by an increase in the number of d 
electrons via sp-d  electron transfer. It is 
well known that the electronic structure of 
bulk metal atoms is different from that of 
isolated metal atoms. Metal atoms generally 
have more d character in the bulk metal; for 
example, atomic platinum has the configu- 
ration 5d96s I while bulk Pt adopts the con- 
figuration 5d976s °'3. It has been shown (27, 
28) that the electronic rearrangement which 
occurs in bulk Ru is significantly smaller 
than this. The electronic structure of bulk 
Ru is 4d715s °'9, which compares with 4d75s 1 
in atomic Ru. However, the possible effects 
of changes in particle size on the intensity of 
the white line feature should be considered 
here. Such a transfer of electrons from the 
bulk metal sp band to the d band would 
increase the ls-(sp) transition probability, 
leading to an increase in the intensity of the 
white line feature. Thus it is conceivable 
that the observed white line feature in the 
CeO2/Ru system derives from what are es- 
sentially bulk metal atoms, while its absence 
in the CeH2+x/RU catalyst is indicative of a 
much lower average particle size, i.e., the 
atomic-like electronic properties. Indeed, 
the XAS spectra of the CeOz/Ru catalyst 
and the Ru standard both exhibit the near- 
edge feature. The elucidation of electronic 
structure by analysis of K-edge spectra for 
second row transition metals is a relatively 
new technique, and most earlier publica- 
tions concerned with supported, small metal 
particles have neither presented nor dis- 
cussed experimental data. It is, therefore, 
difficult to separate support and size effects 
for any given metal. However, in the case 
of Ru, the electronic rearrangement which 
accompanies changes in metal dispersion is 
a relatively small effect: it therefore seems 
more likely that complete suppression of the 
white line feature in the CeH2÷x/RU spectra 
is caused by electron transfer from the hy- 
dride support to the Ru clusters. In this con- 
nection, a recent theoretical calculation by 
Ravenek et al. (29) is of direct relevance. 
These authors have demonstrated the im- 
portance of final state effects in determining 
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the intensity of white line features in XAS. 
Their principal conclusion was that in the 
absence of charge transfer effects small 
metal particles would be expected to give 
rise to a more intense white line feature than 
larger particles. In the present case, this 
strongly supports the view that the suppres- 
sion of white line intensity in the case of the 
highly dispersed active catalyst is due to 
charge transfer from the support. 

To summarise, observed differences in 
the EXAFS region of the spectra derived 
from CeH2+x/RU and CeO2/Ru are due to 
changes in metal particle size. In the 
CeHz+x/RU system much of the ruthenium 
is present as very small particles; these very 
small particles have low Ru-Ru coordina- 
tion numbers and exhibit no white line fea- 
ture, due to charge transfer from the hydride 
support. When the support is oxidised the 
very small ruthenium entities grow rapidly 
and bulk Ru behaviour is observed, both in 
terms of the Ru-Ru coordination number 
and with the appearance of the white line 
feature. The higher activity of the CeH2+x/ 
Ru catalyst may then be a consequence of 
the much greater exposed Ru surface area 
in this system, although charge transfer 
from the electropositive support probably 
increases its activity further. Finally, it is 
also possible that hydrogen spillover to 
these electronically modified, highly dis- 
persed ruthenium clusters occurs in the 
CeH2+x/RU catalyst. 

CONCLUSIONS 

1. Ruthenium metal is present in very dif- 
ferent states in the two systems studied, 
CeH2+x/Ru and CeOz/Ru. The EXAFS and 
near-edge data imply that the inactive CeO2/ 
Ru catalyst contains essentially bulk ruthe- 
nium metal; on the other hand, in the cata- 
lytically active system CeHz+x/Ru, the ru- 
thenium appears to be present as a mixture 
o f - 3 5 - A  crystallites and very low coordina- 
tion, electron-rich Ru clusters. 

2. The activity of the Cell  z +x-based mate- 
rial appears to derive from an intimate inter- 
action between the cerium hydride "sup- 

port" and the highly dispersed transition 
metal clusters. This interaction may well be 
electronic in origin, although hydrogen spill- 
over from the support phase is also a possi- 
bility. 
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