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X-Ray photoelectron spectroscopy (XPS) measurements have been performed on silica- and 
alumina-supported iridium catalysts prepared from Ir4(CO)i2, and the activity of these catalysts for 
the H2 : Dr equilibration reaction determined as a function of the activation treatment. The XPS 
results show that predominantly zerovalent iridium is obtained upon decomposition of supported 
Ir4(CO)iz in vacua. Maximum activity for H2 : D2 equilibration is generated only after removal of all 
carbonyl ligands. The reaction is poisoned by readsorption of CO, and the recovery of activity 
upon desorption of CO parallels the original generation of activity. 

INTRODUCTION 

The preparation of heterogeneous cata- 
lysts from transition metal cluster carbonyl 
complexes is receiving widespread atten- 
tion. The comprehensive review by Bailey 
and Langer (I) provides a recent summary 
of the literature in this area. The thermal 
decomposition of cluster carbonyl com- 
plexes adsorbed on high-surface-area oxide 
supports is invariably accompanied by rear- 
rangement of the metal clusters, sintering, 
and/or reaction with the support. Thus the 
original goal (2) of preparing supported 
metal atom clusters of well-defined geome- 
try by decomposition of complexes with 
known structure has not in general been 
achieved. Nevertheless, supported metal 
catalysts prepared from cluster complexes 
show high metallic dispersions and in some 
cases novel catalytic properties. Considera- 
ble interest thus remains in characterizing 

i Address correspondence to this author at the 
Chemistry Department, University of Auckland, Pri- 
vate Bag, Auckland, New Zealand. 

such materials and in investigating the man- 
ner in which active sites are generated. 

The preparation of silica- and alumina- 
supported iridium catalysts from the cluster 
complex Ir4(CO)12 was first reported by An- 
derson et al. (3, 4) and Howe (5). Subse- 
quently, the activity of such catalysts has 
been investigated for alkane hydrogenoly- 
sis (6) and carbon monoxide hydrogenation 
(7). In the catalytic studies to date, how- 
ever, the catalyst pretreatments have in- 
cluded high-temperature reduction in hy- 
drogen following decomposition of the 
Ir4Uh. No information was thus ob- 
tained concerning the generation of catalyt- 
ically active species during decomposition 
of the adsorbed Ir4(CO)r2. 

We have recently described the detailed 
characterization of silica- and alumina-sup- 
ported iridium catalysts prepared from 
Ir4(CO)12 by means of infrared spectros- 
copy 7 temperature-programmed desorp- 
tion, and gravimetric chemisorption mea- 
surements (8). The present paper extends 
that study in two ways: X-ray photoelec- 
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tron spectroscopy (XPS) has been used to 
determine iridium binding energies in the 
various catalysts, and the catalytic activity 
for the HZ: D2 equilibration reaction has 
been measured as a function of the catalyst 
activation treatment. The equilibration re- 
action is known to proceed rapidly over the 
Group 8 metals, and is considered to be 
structure insensitive, or facile, under the 
usual conditions (9). The generation of ac- 
tivity for HZ : D2 equilibration upon decom- 
position of adsorbed Ir4(CO)12 may thus be 
used to follow the generation of metallic 
iridium sites. 

EXPERIMENTAL 

The preparation of the silica- and alu- 
mina-supported Ir4(CO)i2 catalysts used in 
this work has been described in detail else- 
where (8). For the XPS experiments a sil- 
ica-supported catalyst containing 1.05 wt% 
iridium (determined by analysis after de- 
composition of the adsorbed Ir4(CO)i& and 
an alumina-supported catalyst containing 
3 wt% iridium were employed. For the 
HZ : Dz equilibration experiments, the same 
silica-supported catalyst and an alumina- 
supported catalyst containing 1.34 wt% 
iridium were used. A conventional silica- 
supported iridium catalyst (0.94 wt%) was 
prepared following Anderson and Foger (6) 
by impregnation of the support with aque- 
ous (NH&IrC16, followed by calcination in 
air at 500°C and reduction in hydrogen at 
350°C. The gases used in the catalytic ex- 
periments were purified by passage over 
liquid nitrogen-cooled charcoal and molec- 
ular sieve traps. The D2 contained 3% HD. 

XPS measurements were performed on 
catalyst samples pressed onto gold foil or 
silver mesh with an AEI ES2OOB spec- 
trometer (ZO), using AlKa radiation. Sam- 
ple charging effects were corrected for by 
referencing all binding energies to the 84.0- 
eV line of gold, which was vacuum-depos- 
ited onto selected samples. Binding ener- 
gies quoted are considered accurate to 20.2 
eV. Unless otherwise stated, all sample 
treatments were carried out in situ. With 

the alumina-supported catalyst, the iridium 
4flines were partially obscured by an Al 2p 
line at 64.6 eV from the support (excited by 
the Al&,4 satellite of the AlKa radiation); 
subtraction of the support line from the ob- 
served spectra was performed on a Te- 
tronix 4051 linked to a 4662 interactive digi- 
tal plotter. The binding energies in the 
subtracted spectra are considered accurate 
to +0.4 eV. 

H2 : D2 equilibration measurements were 
conducted in an all-glass recirculation reac- 
tor of total volume 350 ml. A constant cata- 
lyst loading of 0.100 g and a total pressure 
of 100 Torr (initially HZ: DZ = 1 : 1) were 
used. Samples of the gas phase were re- 
moved at known time intervals and their 
composition determined with a Hitachi 
RMUdE mass spectrometer (70-V ioniza- 
tion). The sensitivity of the instrument for 
HZ, Dz, and HD was calibrated with known 
mixtures. First-order rate constants for the 
equilibration reaction were determined by 
plotting the equation 

ln 
1 
U-W, - [HDlo 
[HD],-[HD], = k1f’ I 

where [HD], is the mole fraction of HD at 
equilibrium, [HDlo the initial mole fraction, 
and [HD], the mole fraction at time t. All of 
the data obtained fitted the first-order equa- 
tion. The first-order rate constants were 
normalized to the amount of iridium in the 
catalysts, and the reaction rate calculated 
in the usual way from the rate constant and 
the total number of molecules present. 

The rate of the equilibration reaction was 
measured between 77 K and room tempera- 
ture following successive stepwise activa- 
tion of the silica- and alumina-supported 
Ir4(CO)i2 catalysts in vucuo between 100 
and 350°C at 50°C intervals (1 h at each tem- 
perature). The catalysts were then reduced 
in H2 at 350°C and the equilibration rate 
measured again. Carbon monoxide poison- 
ing experiments were carried out by expos- 
ing the reduced catalysts to excess CO (20 
Torr at room temperature), then measuring 
the equilibration rate following subsequent 
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stepwise desorption of CO between room 
temperature and 350°C and further reduc- 
tion, The activity of the conventional silica- 
supported iridium catalyst was measured 
following hydrogen reduction at 350°C. 

RESULTS 

XPS Measurements 

Figure 1 shows X-ray photoelectron 
spectra of a series of iridium samples in the 
binding energy range 55-70 eV (where the 
Ir 4j$ and 4f~ core lines appear). The Ir 
45~ binding energies of the samples illus- 
trated in the figure and of a range of other 

70 60 55 
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FIG. 1. X-Ray photoelectron spectra of iridium sam- 
ples. (A) Solid Ir,(CO),,; (B) Ir4(CO)i2-SiOr catalyst, 
as prepared; (C) activated in vacua at WC; (D) re- 
duced in Hz at 3 10; (E) conventional Ir-SiOl catalyst, 
reduced in H2 at 400°C; (F) Ir foil. 

TABLE 1 

Iridium 4f7,r Binding Energies for Some Iridium 
Catalysts 

Sample Ir 4f7,* (20.2 eV) 

This work” 
IrKOh 6) 
Ir foil 
Ir4(CO)i2 on Si02 

Decomposed in vacua, 400°C 

Reduced in H2, 310°C 
Conventional Ir-Si02, oxidized 

Reduced in H2, 400°C 
Ir4(COh2 on A120x 

Decomposed in vacua, 380°C 

(IrUW(NHJ~CW2 (9 
(NH~)21rW)C1~ 6) 
Ir(III) X zeolitec 

Ref. (19) 
Ir foil 

Refs. (14, 20, 2Z)d 
Ir metal 
Conventional Ir-Si02, reduced 
Conventional Ir-o-A&O3 
Conventional Ir-n-Alz03 
Conventional Ir-6-A1203 

62.8 
60.8 
62.3 
61.5 
61.5 
62.8 
61.6 
61.9b 
61.4b 
62.5 
64.0 
62.1b 

60.75 

60.1-60.5 
61.0 
61.1 
61.3-61.6 
61.9 

a Referenced to Au 4& = 84.0 eV. 
b Obtained by subtraction, eO.4 eV. 
c Prepared by ion exchange of Ir(NH3)&12+ into 

NaX, evacuated at 300°C. 
d Referenced to C 1 s = 284.0 or 284.4 eV. 

iridium-containing materials are listed in 
Table 1. 

The 4f7/2 binding energy for solid Ir, 
(CO)12 (Fig. 1A) is 2.0 eV higher than that 
of iridium metal (Fig, 1F). The silica-sup- 
ported IrJ(CO)i, catalyst as prepared 
showed a slight shift to lower binding en- 
ergy relative to solid Ir4(CO)i2 (Fig. lB), but 
activation of the catalyst in vacua up to 
400°C caused a much larger shift (Fig. 1C). 
Subsequent reduction in H2 at 310°C for 12 
h caused some broadening of the doublet, 
but no further change in binding energy 
(Fig. 1D). The conventional silica-sup- 
ported iridium catalyst which had been re- 
duced in flowing HZ at 400°C gave an Ir 4f 
spectrum identical to that of the reduced 
catalyst derived from Ir4(CO)i2 (Fig. 1E). 
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The Ir 4f doublet could be clearly re- 
solved in the case of the alumina-supported 
Ir4(CO)i2 catalyst only after subtraction of 
the Al 2p line from the support, which in- 
troduced a larger uncertainty in the abso- 
lute binding energies (20.4 eV). The Ir 
4f$ binding energy of the alumina-sup- 
ported Ir4(CO)i2 catalyst following decom- 
position in vacua at 380°C was close, how- 
ever, to that of the corresponding 
silica-supported catalyst (Table 1). Also 
listed in Table 1 are binding energies mea- 
sured for two reference compounds, 
Ir(NH3)& and (NH&IrC&, in which the 
formal oxidation state of the iridium is 3+ 
and 4+, respectively. 

Hz : 02 Equilibration 

Figure 2a shows the rate of the equilibra- 
tion reaction at 77 K over the alumina-sup- 
ported Ir4(CO)i2 catalyst as a function of the 
temperature of activation of the catalyst, 
and of the temperature of desorption of CO 
subsequently adsorbed. The reaction rate 
determined in blank experiments with the 
alumina support alone (pretreated under 
identical conditions) was subtracted in each 
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FIG. 2. Specific rate of H2 : D2 equilibration at 77 K 
as a function of catalyst pretreatment. (a) Irq 
(CO)l+Q03, initial activation; (b) following CO poi- 
soning; (c) Ir4(CO)lz-SiOz, initial activation; (d) fol- 
lowing CO poisoning; (e) conventional Ir-Si02 
catalyst. 

case (this amounted to less than 0.5% of the 
maximum rate obtained from the iridium 
catalysts). 

Significant activity for H2 : Dz equilibra- 
tion was generated only after activation of 
alumina-supported Ir4(CO)12 in vacua 
above 250°C. The reaction rate at 77 K in- 
creased linearly with activation tempera- 
ture between 250 and 350°C and a further 
two-fold increase occurred upon subse- 
quent reduction in HZ at 350°C. The appar- 
ent activation energy for the reaction was 
estimated from measurements of the rate 
between 77 K and room temperature to lie 
between 1 and 2 kcal mol-i. 

Adsorption of CO at room temperature 
on the reduced iridium-alumina catalyst 
completely poisoned the equilibration reac- 
tion (the CO uptake on this catalyst was 
previously measured to be 1.32 CO per irid- 
ium (8)). On subsequent desorption of CO 
by beating in vacua, significant activity was 
regenerated only above 250°C and after re- 
duction in HZ at 350°C activity close to that 
of the unpoisoned catalyst was obtained 
(Fig. 2b). 

Similar experiments were conducted 
with silica-supported Ir4(CO)i2. Figure 2c 
shows the reaction rate at 77 K as a func- 
tion of the initial activation temperature 
and the temperature of desorption of CO 
subsequently adsorbed. For this catalyst, 
activation in vacua above 300°C was re- 
quired to generate significant equilibration 
activity, and reduction in Hz at 350°C 
caused a further three-fold increase in ac- 
tivity. CO adsorption completely poisoned 
the catalyst (1.34 CO per iridium), and 
evacuation above 300°C was necessary to 
regenerate significant activity. The original 
activity of the unpoisoned catalyst could 
not be completely restored however, even 
by further reduction in HZ at 350°C (Fig. 
2d). Also shown in Fig. 2e is the reaction 
rate for a conventional silica-supported 
iridium catalyst which had been reduced in 
HZ at 350°C. The kinetic parameters mea- 
sured for the various catalysts are summa- 
rized in Table 2. 
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TABLE 2 

Hz : D2 Equilibration Kinetic Data 

Catalyst” /cl at 77 Kb 
(s-9 

Al203 support 
Si02 support 

IrKOh-& 

Hz reduced 

Ir4(CO)II-SiOz 

H2 reduced 

Ir-SiOr, reduced 

(350) 
(350) 

(50) 
(200) 
(250) 
(300) 
(350) 
(350) 

(50) 
cm 
(250) 
(300) 
(350) 
(350) 

Pt, Ref. (II) 
Pt, Ref. (11) 
Pt, Ref. (9) 
Pd, Ref. (9) 

9.2 x lO-6 
7.5 x 10-G 

1.5 x 10-S 
1.7 x 10-s 
1.7 x 10-5 
8.1 x 10-4 
1.5 x 10-3 
2.7 x 10-j 

5.8 x 10-6 
1.1 x 10-5 
2.1 x 10-5 
2.4 x 10-j 
1.8 x 10-d 
5.2 x 1O-4 

9.6 x 10-j 

- 
- 
- 
- 

a Activation temperature is in parentheses. 
* Experimental first-order rate constant. 
c Extrapolated from room temperature. 

DISCUSSION 

XPS Measurements 

The infrared and temperature-pro- 
grammed desorption (TPD) measurements 
described earlier (8) showed that Ir4(CO)i2 
supported on silica and alumina decom- 
poses on heating in vacua above lOO”C, and 
that decomposition is almost complete at 
300°C. From infrared and gravimetric CO 
absorption measurements it was concluded 
that the product of decomposition of 
Ir4(CO)i2 on silica was zerovalent iridium, 
whereas on alumina a mixture of zerovalent 
and oxidized iridium species was formed. 
Additional evidence for oxidation of 
Irq(CO)i2 on alumina during decomposition 
has been presented by Hucul and Brenner 
(12). The decomposition of Ir4(CO)i2 on 

Specific 
reaction rate 

(molecule 
s-l Irr’ 1 

E, 
(kcal mol-I) 

- - 
- - 

- - 
- 1.8 

0.0018 1.8 
0.18 1.8 
0.34 - 
0.62 - 

- - 
- - 

0.0035 - 
0.0043 - 
0.052 - 
0.15 - 

0.026 - 

0.04 2.2 
0.23 0 
0.0008' 2.5 
0.004' 2.1 

both silica and alumina was irreversible, 
and reduction in H2 at 350°C gave metal 
dispersions comparable with the most 
highly dispersed conventional supported 
iridium catalysts, as measured by CO ad- 
sorption capacity. 

The XPS results for silica-supported 
Ir4(CO)i2 are completely consistent with the 
conclusions reached earlier (8). The Ir 4f7,* 
binding energy of the catalyst as prepared is 
marginally lower than that of bulk Irq 
KOh2, consistent with the notion that 
the freshly prepared catalyst consists of 
small crystallites of IrGO)i2 dispersed 
through the support (4, 8). Of greater signifi- 
cance is the 2.0-eV difference between 
Ir4(CO)i2 and iridium metal. Similar differ- 
ences between cluster carbonyl complexes 
and the bulk metal have been seen for 
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=dc0)16 w-9 and [pt3(Co)61,2- (13, and 
have been attributed to a combination of 
electron transfer from the metal to carbonyl 
ligands and a diminished extraatomic relax- 
ation relative to the bulk metal (13). In the 
case of Ir4(COh2, the binding energy of the 
formally zerovalent Ir is close to that of 
Ir(II1). 

Decomposition of silica-supported Ii-4 
(CO),2 in vacua at 400°C lowers the Ir 
binding energy by 0.8 eV, and subsequent 
reduction caused no further shift. The re- 
sulting binding energies are identical within 
experimental uncertainty to that of the con- 
ventional silica-supported catalyst. These 
values are, however, significantly higher 
than that of bulk iridium, a difference which 
warrants further comment. Several XPS 
studies of conventional supported iridium 
catalysts have been reported by Contour 
and co-workers (14, 20, 21). The absolute 
binding energies given by these authors 
cannot be compared exactly with those ob- 
tained here, since their data were refer- 
enced to the impurity C Is line (taken as 284 
eV (14) or 284.4 eV (20, 22)), rather than the 
Au 4f7j2 line. However, all of the iridium 
catalysts examined by Contour and co- 
workers showed a shift of the Ir 4f doublet 
to higher binding energy relative to the bulk 
metal. For example, their 0.5 to 0.9-eV dif- 
ference between bulk and silica-supported 
iridium compares favorably with the 0.7-eV 
shift found here. The increase in binding 
energy was attributed to a metal-support 
interaction involving partial electron trans- 
fer from the metal to the support. The mag- 
nitude of the shift was shown to correlate 
with the acidity of the support (14, 20, 21). 

In the case of alumina-supported Irq 
(CO)t2, the catalyst as prepared shows a 
binding energy almost 1 eV lower than that 
of the bulk complex. Infrared spectra 
(4, 5, 8) indicate that the complex is molec- 
ularly adsorbed from solution onto the alu- 
mina surface during catalyst preparation; 
thus the XPS result suggests that the ad- 
sorbed complex has a binding energy signifi- 
cantly different from that of the bulk (keep- 

ing in mind the relatively large uncertainty 
due to subtraction of the support spec- 
trum). Decomposition of Ir4(CO)t2 on alu- 
mina in vacua causes a further reduction in 
binding energy, to a value close to that of 
the reduced silica-supported catalysts. 
Binding energy differences between con- 
ventional silica- and alumina-supported cat- 
alysts of up to 0.9 eV have been reported 
(14, 20, 21). These differences may, how- 
ever, merely reflect variations in the diffi- 
culty of fully reducing the conventional 
alumina-supported iridium. The x-ray 
photoelectron spectra show no evidence of 
oxidation of iridium during decomposition 
of Ir4(CO)t2 adsorbed on alumina, but it 
must be pointed out that the iridium loading 
of the alumina-supported catalyst used in 
the XPS experiments was considerably 
higher than that used in the infrared (8) and 
TPD (12) measurements (in order to obtain 
satisfactory signal-to-noise ratios). Mild ox- 
idation of a fraction of the iridium present 
may have escaped detection by XPS. 

Hz : D2 Equilibration 

The Hz: D2 equilibration reaction has 
been previously studied on many different 
metal catalysts. Of the Group 8 metals, 
platinum has received the most attention. 
Ross and Stonehart (9) concluded that un- 
der the conditions used by them (Pt wire 
catalysts, total pressure 0.2-10 Ton-, 
273-473 K) equilibration proceeded via a 
dissociative (Bonhoeffer-Farkas) mecha- 
nism, and that the dissociation was struc- 
ture insensitive in the classification of 
Boudart et al. (15). This agreed with earlier 
observations (16) that the equilibration rate 
over alumina-supported platinum catalysts 
was independent of particle size. In con- 
trast, Somojai and co-workers (17) found 
in molecular-beam experiments that step 
sites on single-crystal platinum surfaces 
were more active for H2 : D2 equilibration 
than terrace sites. However, as pointed out 
by Ross and Stonehart (9), the beam experi- 
ments were conducted under conditions of 
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high temperature and low hydrogen surface 
coverage, where hydrogen desorption 
(which is favored on low-energy surface 
sites) determines the reaction rate. Under 
conditions of high surface coverage, the re- 
action becomes structure insensitive. 

There appear to be no detailed kinetic 
data in the literature for H2 : D2 equilibra- 
tion over supported iridium catalysts. No 
attempt has been made in the present work 
to investigate the reaction mechanism. At 
77 K a Rideal-Eley mechanism involving 
attack of molecular hydrogen on adsorbed 
atoms may be more likely than the com- 
pletely dissociative Bonhoeffer-Farkas 
mechanism (as has been suggested for plati- 
num (II, 18)). Regardless of the exact 
mechanism of equilibration over supported 
iridium (and it should be noted that the ap- 
parent activation energies measured here 
are close to those reported for platinum and 
palladium), it seems likely that under the 
conditions used in the present work the re- 
action is structure insensitive. The reaction 
rate is therefore determined by the number 
of active sites available. 

Although it is not possible to make quan- 
titative comparisons of the published TPD 
curves (8, 12) with the curves in Fig. 2 
showing generation of activity as a function 
of activation temperature, it appears that 
significant equilibration activity is gener- 
ated only after desorption of CO is almost 
complete. The further increase in activity 
upon hydrogen reduction of the alumina- 
supported catalyst may be attributed to an 
increase in the number of metallic sites due 
to reduction of that fraction of the iridium 
which was oxidized during decomposition 
of Ir4(CO)i2 in vucuo (the twofold increase 
in activity should be compared with an in- 
crease in CO adsorption capacity from 0.69 
to 1.32 CO per iridium upon reduction (8)). 
Reduction of the silica-supported catalyst, 
however, caused a comparable increase in 
activity, although the CO adsorption capac- 
ity of this catalyst was determined to in- 
crease only from 1.21 to 1.34 CO per irid- 
ium upon reduction (8), and the XPS 

experiments revealed no evidence for oxi- 
dation of iridium during decomposition of 
Ir4(CO)12 on SiO2. A possible explanation 
would be that chemisorption of HZ is inhib- 
ited to a greater extent than that of CO by 
traces of carbon formed in the dispropor- 
tionation of carbonyl ligands during activa- 
tion in vucuo. (Evidence for the dispropor- 
tionation reaction comes from the detection 
of COZ desorption during activation in va- 
cue above 300°C (8).) 

The complete poisoning of the equilibra- 
tion reaction upon adsorption of a mono- 
layer of CO is consistent with the observa- 
tions of Ross and Stonehart (9) on platinum 
and rhodium catalysts. These authors 
found that the equilibration rate was pro- 
portional to (l-e~o)~, which implies that two 
adjacent metal atom sites are required for 
the equilibration reaction. A similar nonlin- 
ear dependence of reaction rate on CO cov- 
erage is observed here. Appreciable activ- 
ity is regenerated for both the silica- and 
alumina-supported iridium catalysts only 
after more than 75% of the adsorbed CO has 
been removed, as estimated from the TPD 
curves (8). The original activity of the un- 
poisoned catalysts could not be completely 
regenerated by desorption of CO in vacua 
up to 350°C. The desorption of CO is ac- 
companied by significant quantities of C02, 
attributed to the disproportionation reac- 
tion (8). As with freshly activated catalysts, 
the carbon produced may poison the ex- 
change reaction. Subsequent treatment 
with H2 at 350°C increased the activity of 
both catalysts. 

The similarity of the curves (Fig. 2) for 
generation of activity in fresh catalysts and 
regeneration of activity in CO-poisoned 
catalysts suggests that the original activity 
is generated upon desorption of CO from 
metallic iridium sites rather than as a result 
of some modification or rearrangement of 
the iridium clusters during activation above 
250°C. If, as suggested above, the active 
sites for the equilibration reaction consist 
of two or more adjacent metal atoms, then 
high concentrations of such sites are gener- 
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ated only upon removal of the last traces of 
co. 

The absolute values of the specific rates 
at 77 K for various catalysts may be use- 
fully compared (Table 2). The dispersions 
of the alumina- and silica-supported iridium 
catalysts prepared from Ir4(CO)r2 are al- 
most identical; the fourfold difference in 
specific rate between these catalysts fol- 
lowing HZ reduction at 350°C thus reflects a 
difference in the intrinsic activity of the 
iridium sites, possibly due to support inter- 
actions. The dispersion of the conventional 
silica-supported catalyst was not measured, 
but the preparation conditions were closely 
similar to those used by Anderson and Fo- 
ger (6), who reported a dispersion of 0.16 
for this catalyst. The lower specific rate for 
the conventional silica-supported catalyst 
may thus be entirely due to its lower disper- 
sion. The magnitudes of all specific rates 
measured here for iridium catalysts com- 
pare favorably with those reported for plati- 
num and palladium. The activities of the 
iridium catalysts are several orders of mag- 
nitude higher than those of transition metal 
oxides such as Crz03 or Co304 at 77 K (22). 
The enhancement of activity upon reduc- 
tion and the strong poisoning effect of CO 
indicate that oxidized iridium species do 
not play a significant role in the catalysis of 
Hz-D2 equilibration. 
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