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Temperature-programmed desorption (TPD) studies are reported on a series of Rh catalysts 
dispersed on ZrOZ and y-A&O, and activated under H2 flow at 250, 400, and 600°C. While the high 
temperature of activation did not show any significant difference in the Rhky-A120, samples, in the 
case or Rh/ZrO* a pronounced effect is quite evident. The experimental observations have been 
associated to a modification of the metal-support interface, for which a possible model is sug- 
gested. Parallel experiments in the hydrogenation of carbon monoxide at 220°C and P = 1 atm have 
shown a sharp decrease in the overall activity while the selectivity was virtually unaffected by the 
temperature of reduction. 0 1985 Academic Press, II-G. 

INTRODUCTION 

The interest in the hydrogenation of car- 
bon monoxide has been renovated in recent 
years, since the possibility of obtaining ap- 
preciable amounts of ethanol has been re- 
ported (1, 2) by using Rh catalysts dis- 
persed on a variety of oxides such as 
Laz03, Ce02, Ti02, Zr02, ThOz. The pro- 
duction of oxygenated compounds has been 
associated by Somorjai and co-workers 
with the presence of an oxidized state on 
Rh by studies on model systems (3), how- 
ever, the nature of the interaction between 
Rh and the support in dispersed catalysts is 
still a problem under discussion. 

The synthesis and reactivity in the CO + 
Hz reaction has been recently reported for a 
series of Co and Rh catalysts dispersed on 
ZrOz (4) which have yielded up to 46% se- 
lectivity in the formation of EtOH. These 
catalysts have been characterized by Hz 
and 02 chemisorption, ESR techniques and 
their behavior has been compared with sim- 
ilarly prepared samples on y-A1203 (5, 6). 

The Rh/ZrOz catalysts when reduced 
with H2 at high temperature have shown a 

* To whom correspondence should be addressed. 

dramatic drop in the H2 chemisorption 
properties while retaining their ability to 
chemisorb 02, which is a characteristic fea- 
ture of metals in the Strong Metal-Support 
Interaction (SMSI) state (7-9). This effect 
has been widely studied when titania or 
other readily reducible oxides are used as 
the support. Conversely, for ZrO*, only a 
few examples of such effect have been ob- 
served in the case of Ni/ZrO* (10, II) for 
which no interpretation has been sug- 
gested. 

We now wish to report some Tempera- 
ture-programmed Desorption (TPD) stud- 
ies on Rh/ZrOz and Rh/y-A1203 catalysts 
with the aim of shedding more light on the 
factors which affect the metal-support in- 
teraction after high-temperature reduction. 
Moreover, since the catalytic behavior may 
be significantly altered by the nature of the 
interaction, we also carried out some paral- 
lel experiments in the hydrogenation of car- 
bon monoxide. 

EXPERIMENTAL 

The same catalysts discussed in Ref. (5) 
have been used. They were prepared via 
impregnation of ZrOz (Strem, 70 m*/g) and 
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-y-AlzOT (Akzo-Kemie CK 300, 200 m2/g) 
with two different metal precursors Rh4 
(COhz (12) and RhC13 * 3H20 (Engel- 
hard). Full details on the preparation proce- 
dure are given in Ref. (5). Analytical data 
are reported in Table 1. 

Temperature-Programmed Reduction 
(TPR) measurements of the supported Rh 
precursors were performed in a standard 
apparatus by the same technique as de- 
scribed by Hurst et al. (13). The reducing 
gas mixture (5% Hz in Ar) was purified over 
an Oxy-trap (Alltech) and dried in a molec- 
ular sieve trap cooled at -78°C. The gas 
flow [40 ml (STP)/min] was regulated by a 
Matheson Model 8240 mass flow controller. 
The reactor had a diameter of 4 mm and 
was heated at a linear rate of YCfmin from 
room temperature to 550°C. An appropri- 
ate trap for water or other undesired prod- 
ucts was placed between the reactor and 
the thermal conductivity detector. 

Temperature-programmed desorption of 
H2 studies were performed in the same ap- 
paratus used for TPR experiments with 
some minor modifications. The catalysts 
were activated in flowing hydrogen by heat- 
ing (S”C/min) to the chosen temperature 
(250, 400, 600°C) and holding at that tem- 
perature for 2 h. Samples were then cooled 
from the reduction temperature down to 
25°C in flowing hydrogen. The H2 flow was 
stopped and a stream of carrier gas (Ar, 40 
ml/min) was started. When the base line of 
the recorder connected to the thermal con- 
ductivity detector became steady, the tubu- 
lar furnace was linearly heated (1 O”C/min) 
to 600°C. Catalysts were then kept at that 

TABLE 1 

Analytical Data of the Catalysts 

Catalyst 

Rh&-A&O3 
RhTly-A120, 
Rhc/Zr02 
RhJZr02 

Precurosr 

RMCOh 
RhQ . 3H20 
RMCOh 
RhCI, . 3H20 

(g) 

1.6 
1.0 
1.3 
I.0 

temperature for 30 min. Calibration of the 
TPD apparatus enabled a quantitative de- 
tection of the H2 evolution. 

Catalytic investigations were conducted 
in a flow microreactor made from an g-mm- 
i.d. Pyrex glass tube immersed in a fluid- 
ized sand bath heated by an external oven. 
A small glass tube containing a Fe-Ko ther- 
mocouple was placed in the middle of the 
catalyst bed. The catalyst was diluted at a 
1: 8 ratio with Carborundum (60-100 mesh) 
to minimize temperature gradients. No in- 
crease in the catalyst temperature was ob- 
served during the reaction. The system was 
operated at the following conditions: reac- 
tion temperature 22O”C, total pressure 1 
atm; H2: CO = 3 : 1, space velocity 2000 
h-l. The samples were activated in situ in 
flowing hydrogen for 2 h at the same three 
different temperatures (250, 400, 600°C) 
chosen for the TPD experiments. All reac- 
tant and product gas concentrations were 
measured chromatographically using ther- 
mal conductivity and flame ionization 
detectors. Complete separation of the 
products was performed with a 5-m-long 
0.25~in.-diameter column packed with 
Porapak QS. Calibration curves of the indi- 
vidual components of the reaction mixture 
were used for quantitative analysis. Carbon 
balances generally accounted for 99% of 
the input carbon. 

RESULTS AND DISCUSSION 

Four different catalysts have been em- 
ployed in the present study starting from 
two different Rh precursors, RhC& and 
Rh4(CO)u, and dispersed on two different 
supports, -y-Al203 and ZrOz. 

Preliminary TPR experiments have been 
carried out in order to determine both the 
optimum temperature for the reduction of 
the precursors and acquire some informa- 
tions concerning the possibility of produc- 
ing different metal phases (13). The results 
are shown in Fig. 1 where TPR profiles rela- 
tive to the supports alone are also reported 
for comparison. As it appears, both cata- 
lysts prepared from Rh4(C0)12, after an ini- 
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FIG. 1. TPR profiles of the catalysts (-), supports (---) and unsupported precursors (..........). (a) 
Rh&rO,; (b) Rh&A&O3; (c) Rh,/ZrO,; (d) Rh+A1203. 

tial small uptake, show a broad, low-inten- 
sity negative band, due to CO evolution 
which is consistent with the fact that the 
“reduction” procedure is indeed a simple 
decarbonylation process. As for the two 
catalysts derived from RhC13 an intense 
band centered at about 110°C along with a 
shoulder in the range 200-300°C are 
present. These suggest the presence of the 
precursor on the support in two different 
states: physisorbed and chemisorbed for 
which slightly different reduction tempera- 
tures would apply. This view is consistent 
with the observation that TPR of unsup- 
ported RhC& shows (dotted line) a single 
band centered at about 110°C and that the 
position of the shoulder is somehow depen- 
dent on the support used. An additional 
band starting above 500°C is also evident in 
the case of the catalysts supported on Zr02. 
However, as it is clear from Figs. la and c 
this H2 consumption is to be ascribed to the 
support rather than indicative of a further 
reduction step of the metal. Since all the 
catalysts were prepared by reduction under 
Hz flow for 2 h at the minimum temperature 
of 250°C the above TPR experiments sug- 
gest that only one type of metal species is 
produced. This view is further supported 

by the observation that, after 02 treatment 
all metal surfaces show only one reduction 
step centered at about 85°C. 

TPD experiments have been performed 
on these catalysts after pretreatment in HZ 
flow at three different temperatures (250, 
400,600”C). These temperatures have been 
chosen identical to those used for the che- 
misorption measurements in order to find a 
possible explanation for the dramatic drop 
in H2 chemisorption after high-temperature 
reduction (HTR), which was observed for 
the Zr02-supported catalysts (Table 2). 

TPD technique offers some advantages 
with respect to chemisorption. In fact it al- 
lows to span a temperature range which is 
normally not accesible to chemisorption 
and to gain several informations concerning 
the nature of the interaction between adsor- 
bate and catalytic surface, namely: (i) the 
number of adsorbed species and their rela- 
tive amounts; (ii) the bond energy between 
adsorbate and metal surface; (iii) the possi- 
ble chemical form of the adsorbed species 
(14). 

Initially a Rhcly-Al203 sample, for which 
a regular chemisorption behavior was ob- 
served has been studied after activation un- 
der Hz at the three different temperatures 
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TABLE 2 

Quantitative H2 Chemisorption and TPD Data 

Catalyst 

Rhcly-A&O9 

Rh&A1203 

Rhc/ZrOz 

RhT/ZrOz 

Temperature Chemisorption 
reduction (ml (STP)/g Rh) 

(“0 

250 92.6 
400 83.1 
600 72.4 
250 51.0 
400 49.8 
600 47.5 
250 89.0 
400 42.7 
600 5.9 

After 02, 5OO”C, 1 h 
250 81.9 
250 41.5 
400 16.6 
600 1.2 

After 02, SOO”C, 1 h 
250 36.8 

TPD 
(ml (STP)/g Rh) 

a P 

83.7 
75.2 - 
71.6 - 

82.9 - 
36.5 - 
5.2 50.8 

81.0 - 
40.8 
16.5 - 
1.1 27.6 

39.2 - 

250,400,6OO”C. The corresponding desorp- 
tion spectra are reported in Fig. 2. As 
shown the spectrum consists, in all the 
three cases, of two largely overlapping 
peaks centered at about 100 and 200°C (a 
band). An analogous experiment carried 

4 
t 06 Rh,. -Al,03 

FIG. 2. TPD profiles of Rhcly-A1203 after activation 
in HZ flow at 250°C (a), 400°C (b), WC (c). 

out on y-A120j alone did not show any de- 
sorption. HTR pretreatment on this cata- 
lyst has no particular effect unless a slight 
decrease in the total amount of Hz de- 
sorbed. These results are in good agree- 
ment with the corresponding H2 chemisorp- 
tion data at 25°C (Table 2) and similarly 
suggest the occurrence of a slight sintering 
effect. 

The effect of HTR is quite different in the 
case of the catalysts supported on ZrOz 
(Figs. 3,4). The support itself shows a large 
desorption band centered around 600°C (p 
band). As for the catalysts, after activation 
at 250°C the behavior of Rhc/ZrO* (Fig. 3a) 
is similar to that above described for Rh&- 
A1203, while RhT/ZrOz (Fig. 4a) shows a 
slightly different desorption spectrum 
which probably reflects a different physical 
state of the metal. After activation at 400°C 
TPD spectra of both catalysts become very 
similar (Figs. 3b, 4b) and the amount of H2 
desorbed is reduced to less than one half in 
agreement with the chemisorption data (Ta- 
ble 2). Finally, after HTR at 600°C the a! 
band almost disappears, while the occur- 
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FIG. 3. TPD profiles of Rhc/ZrO* after activation in 
HI flow at 250°C (a), 400°C (b), 600°C (c). Profile d 
(-e-.) refers to Zr02 alone. 

rence of a new desorption centered at 590°C 
(j3 band) can be noticed independently of 
the precursor used (Figs. 3c, 4~). Again the 
amount of Hz desorbed in the a band is in 
agreement with the chemisorption data (Ta- 
ble 2). 

As already pointed out (5), samples re- 
duced at high temperature recover their HZ 
chemisorption properties when contacted 
with O2 for 1 h at 500°C. Analogously a 
sample of Rhc/ZrOz, for which the TPD 
spectrum reported in Fig. 3c was observed, 
when treated with 02 for 1 h at 500°C and 
reactivated at 250°C in Hz, showed a TPD 
spectrum like that reported in Fig. 3a. This 
proves the reversibility of the phenomena 
related to HTR and the absence of any per- 
manent structural changes during this acti- 
vation procedure. 

In Fig. 3c the occurrence of desorptions 
at two very different temperatures suggests 
the existence of superficial sites capable of 
binding hydrogen with very different bond 
energies. While the more weakly bound hy- 
drogen ((u band) can be ascribed to the 
chemisorbed Rh-H species, the p band is 
indicative of the existence of a cooperative 
effect between the metal and the support 

surfaces, as the same band is present with a 
lower intensity also in ZrOz alone. The de- 
crease of HZ chemisorption with the tem- 
perature treatment is widely known in the 
literature for Rh/TiO:! catalysts and has 
been associated to the general phenomenon 
known a SMSI (15). In the case of TiOz as 
the support, the suppression of Hz chemi- 
sorption capacity after HTR has been gen- 
erally associated to the bulk reducibility of 
the Ti4+ centers. The case of Zr02 is more 
intriguing since the material itself is consid- 
ered as a refractory (16). On the other 
hand, when used as a catalyst support, 
HTR induced H2 chemisorption suppres- 
sion has been already noticed at least for Ni 
and Ir catalysts, for which no possible ex- 
planation for this kind of behavior was sug- 
gested (10, II). 

In an attempt to provide for a reasonable 
interpretation of the data here reported, 
one must take into account the following 
considerations: 

(a) At the metal-support interface, HTR 
treatment generates an interaction which 
must be sufficiently strong to suppress the 
metal capacity for H2 chemisorption, but 
can be removed by treatment with 02 at 
500°C. 
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FIG. 4. TPD profiles of RhT/ZrOz after activation in 
Hz flow at 250°C (a), 400°C (b), 600°C (c). Profile d 
(-.-.) refers to Zr02 alone. 
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FIG. 5. TPR profiles of Rhc/ZrO* (-) and ZrOz alone 
(-.-.) after heating in 02 for 1 h at 500°C. 

(b) The shape of the TPR spectrum 
shown in Fig. 5 clearly indicates that the 
total H2 consumption on ZrOz supported 
catalysts takes place in two distinct steps. 

(c) Although usually considered as a non- 
reducible oxide, ZrOz proves to be able to 
interact with H2 reversibly as already found 
by other authors (17, 18). 

(d) The bond energy associated to the p 
band in the TPD spectra appears to be the 
same for Zr02 alone and the Rh/ZrOz cata- 
lysts. This implies that the Hz desorbed 
comes from the same type of binding sites 
in both cases. 

Points c and d are consistent with an in- 
crease of the concentration of surface -OH 
groups (terminal and/or bridging), due to 
Zr-0-Zr bond breakage, which is induced 
by the treatment with H2 at high tempera- 
ture. This H2 adsorbed is reversibly re- 
leased during TPD procedure (/3 band). The 
formation of surface -OH groups when 
treating ZrOz with HZ under similar experi- 
mental conditions has been already sug- 
gested by He and Ekerdt (17). The extent 
of the process is increased in the catalysts 
by the presence of Rh which transfers hy- 
drogen on the support giving rise to the 
same band (p) in the TPD spectrum al- 
though more intense. However a compari- 
son of the TPR (Fig. 5) vs TPD (Fig. 3) 
spectra for Rhc/ZrO* indicates that the 
amount of H2 consumed is much wider than 
the H2 desorbed. Since a negligible water 
production was experimentally detected in 

connection with the 550°C TPR band, the 
hydrogen difference can be justified by as- 
suming that part of the hydrogen adsorbed 
is spilled from the metal into the support 
during the HTR procedure. 

The overall process here envisaged de- 
termines a deep modification of the support 
surface both geometrically and electroni- 
cally which results in a new metal-support 
interaction at the interface. We infer that 
Zr-0-Rh entities may be formed to such 
an extent that the metal particle is partly 
covered by the support and its average oxi- 
dation state is increased so that the capac- 
ity of the metal to dissociate and chemisorb 
hydrogen at low temperature is drastically 
reduced. 

A simplified model which summarizes 
the modifications at the metal-support in- 
terface induced by HTR is depicted in Fig. 
6. 

This provides also a chemical pathway to 
account for the possibility of a support “mi- 
gration” to cover the metal particle as has 
been already pointed out by several authors 
(19-23) for a variety of group VIII metals 
dispersed on Ti02. 

It has to be pointed out that in the case of 
catalysts dispersed on Ti02, the phenom- 
ena induced after HTR treatment have been 
interpreted on the basis of a redox-type 
mechanism involving the Ti3+/Ti4+ couple 
(7-9). This assumption in the case of ZrOz 
is not straightforward because of the well 
known lack of bulk reducibility of this ma- 
terial (16). However we cannot exclude the 
possibility of a partial reduction of the sur- 
face layers of the support as has already 
been suggested by other authors for “unre- 

Y 

FIG. 6. Schematic model for the interfacial metal- 
support interaction induced by high-temperature treat- 
ment in Rh/ZrQ catalysts. 
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ducible” oxides such as La203 (24) and 
A1203 (25, 26). This process, which is im- 
plicit in Fig. 6, may be written as 

Zr-0-Zr + HZ z 

Zr-OH + Zr . . . H 

Zr-0-Zr + Rh-H 2 

Zr-0-Rh + Zr . . . H 

where the Zr . . . H species may formally 
be viewed either as a Zti+ hydride or a 
Zr3+ interacting with the atomic hydrogen 
spilled into the support. Indeed ESR mea- 
surements carried out on these catalysts 
under similar experimental conditions have 
revealed the existence of paramagnetic sig- 
nals which might be attributed to Zr3+ spe- 
cies (27). 

Restoration of the original properties of 
these catalysts requires heating in O2 at 
500°C. We suggest that this process may be 
associated with the removal of the hydro- 
gen spilled into the surface layers of the 
support thereby providing the necessary 
driving force capable of breaking the 0-Rh 
bonds leading to a surface reconstruction. 

Since the HTR treatment induces deep 
modifications in the general chemical be- 
havior of the Rh/ZrOz catalysts, we thought 
of interest to test the reactivity of these ma- 
terials in the hydrogenation of carbon mon- 
oxide. For this purpose experiments were 
carried out on Rhc/ZrOz activated at 250, 

400, 600°C and the results were compared 
to those obtained with analogously treated 
Rh&-A1203. The CO conversion and the 
product distribution for these catalysts are 
reported in Table 3. As a general trend the 
ZrOz-supported samples show a higher ac- 
tivity and a significantly different selectiv- 
ity in the formation of ethanol. This latter 
effect has been already noticed by other au- 
thors (28) in the case of Rh dispersed on 
oxide supports capable of promoting SMSI 
behavior. Moreover a rather different be- 
havior is observed as the temperature of 
activation increases. In fact, while for Rhc/ 
y-A1203 both the conversion and the prod- 
uct distribution are only slightly affected, in 
the case of Rhc/ZrOz the conversion is dras- 
tically decreased, while some variations are 
evident only in the C2 fraction composition. 
The CO conversion as a function of the ac- 
tivation temperature parallels, in both cata- 
lysts, the behavior already observed in the 
chemisorption of H2 (5) and the results ob- 
tained in the TPD spectra (a band). More- 
over, even in this case, the Rhc/ZrOz 
sample reduced at 600°C can recover 
completely its original activity and selectiv- 
ity after O2 treatment for 1 h at 500°C. 
These observations suggest that we may 
calculate the turnover numbers (N> for 
these catalysts by computing only those 
centers which can be titrated with H2 at 
2X, although this assumption in the case 
of Rhc/Zr02 may not be correct since some 

TABLE 3 

Product Distribution in CO-H2 Reaction as a Function of the Activation Temperature 

Catalyst Temperature activ. 

(“0 

co con”. Product distribution in carbon efficiency (%)’ 

(%I 
CHd C& C*Ha C3H6 C,Hs C& GH,o MeOH EtOH HCHO CHFHO 

250 1.6 
400 1.2 
604 1.1 

250 4.8 
400 1.9 
Ml0 0.3 

250 4.8 

64.6 0.4 20.9 2.7 4.3 2.8 - 2.5 - 1.8 - 
64.3 0.4 18.8 3.2 5.3 3.0 - 2.1 1.1 1.8 - 
63.4 0.5 17.8 4.2 4.6 3.7 2.1 1.5 1.0 1.2 - 

59.7 0.1 3.4 4.8 4.1 5.1 2.3 1.6 18.1 - 0.8 
58.2 0.6 5.8 4.8 3.5 5.3 2.2 3.2 16.4 - - 
58.1 2.7 5.7 4.9 3.5 6.1 3.2 15.8 - - 

After 02. 5WC, 1 h 
59.3 0.1 3.1 5.4 4.1 5.6 2.6 0.9 18.2 - 0.7 

Note. Reaction conditions: T = 220°C; CO: H2 = 1 : 3; Ptot = 1 atm. 
n Carbon efficiency = (n&Z&) x 100, where ni = carbon number of the product; Ai = moles of product i. 
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TABLE 4 

Turnover Numbers in CO-H2 Reaction as a 
Function of the Activation Temperature 

Catalyst Temperature N 
a&iv. mol CO 
(“C) i s X g atom Rh 1 

Rhcly-A&O3 

Rhc/ZrOz 

250 5.0 x 10-d 
400 4.2 x lO-4 
600 4.4 x IO-4 

250 1.4 x 10-j 
400 1.1 x 10-j 
600 1.3 x 10-3 

Note. Reaction conditions: T = 220°C; CO : H2 = 
1:3; Ptot = 1 atm. 

activity at 220°C from the new centers aris- 
ing after HTR treatment cannot, in princi- 
ple, be discounted. The data are reported in 
Table 4. As it appears the turnover number 
in the ZrOz dispersed samples is practically 
unaffected by the HTR treatment. This im- 
plies that, following activation at 6OO“C, 
only the centers which do not interact 
strongly with the support remain active in 
the hydrogenation of carbon monoxide ac- 
cording to the model proposed (Fig. 6). 
This view is further supported by the obser- 
vation that also the selectivity is only 
slightly modified by the increase in the acti- 
vation temperature, the effect of which is 
simply a redistribution within the C2 frac- 
tion. The fact that after HTR at 600°C the 
yield of ethylene and ethane is increased at 
the expenses of ethanol, can be explained 
on the basis of an increase of the acidity 
(29) of the Zr02 surface in agreement with 
the model proposed. 

ACKNOWLEDGMENTS 

We thank Dr. S. Martinengo for a generous gift of 
RhdCO),dZrOz and Rh4(CO)&-A1203, and Professor 
L. Giuffr& for stimulating discussions. Financial sup- 
port from Minister0 della Pubblica Istruzione (MPI) 
and CNR (Rome) is gratefully acknowledged. 

REFERENCES 

I. Ichikawa, M., Bull. Chem. Sot. Jpn. 51, 2268, 

2. 

3. 

4. 

5. 

6. 

10. 

11. 

12. 

13. 

14. 

15. 

16. 

17. 

18. 

19. 

20. 

21. 

22. 

23. 

2273 (1978); Ichikawa, M., Sekizawa, K., and Shi- 
kakura, K., J. Mol. Catal. 11, 167 (1981). 
Bhasin, M. M., Bartley, W. J., Ellgen, P. C., and 
Wilson, T. P., J. Catal. 54, 120 (1978). 
Somojai, G. A., and Davis, S. M., Chem. Tech., 
502 (1983) and refs. therein. 
Ceriotti, G., Martinengo, S., Zanderighi, L., 
Tonelli, G., Iannibello, A., and Girelli, A., J. 
Chem. Sot. Faraday 1 80, 1605 (1984). 
Beringhelli, T., Gervasini, A., Morazzoni, F., 
Strumolo, D., Martinengo, S., Zanderighi, L., 
Pinna, F., and Strukul, G., in “Proceedings, 8th 
International Congress on Catalysis, Berlin, 
1984,” Vol. 5, p. V-63. 
Beringhelli, T., Gervasini, A., Morazzoni, F., 
Strumolo, D., Martinengo, S., and Zanderighi, L., 
J. Chem. Sot. Faraday 1 80, 1479 (1984). 
Tauster, S. J., Fung, S. C., and Garten, R. L., J. 
Amer. Chem. Sot. 100, 170 (1978). 
Tauster, S. J., and Fung, S. C., J. Catal. 55, 29 
(1978). 
Tauster, S. J., Fung, S. C., Baker, R. T. K., and 
Horsley, J. A., Science (Washington, D.C.) 211, 
1121 (1981). 
Bruce, L., and Mathews, J. F., Appl. Catal. 4,353 
(1982). 
Turlier, P., Dalmon, J. A., and Martin, G. A., in 
“Studies in Surface Science and Catalysis” (B. 
Imelik et al., Eds.), Vol. 11, p. 203. Elsevier, Am- 
sterdam, 1982. 
Martinengo, S., Chini, P., and Giordano, G., In- 
org. Synth. 20, 209 (1980). 
Hurst, N. W., Gentry, S. J., Jones, A., and McNi- 
col, B. D., Catal. Reu. Sci. Eng. 24, 233 (1982). 
Falconer, J. L., and Schwarz, J. A., Catal. Reu. 
Sci. Eng. 25, 141 (1983). 
Imelik, B., et al., Eds., “Studies in Surface Sci- 
ence and Catalysis,” Vol. 11. Elsevier, Amster- 
dam, 1982. 
Aleksandrov, V. I., Osiko, V. V., Prokhorov, A. 
M., and Tatarintsev, V. M., in “Current Topics in 
Materials Science” (E. Kaldis, Ed.), Vol. 1, 
p. 421. North-Holland, Amsterdam, 1978. 
He, M.-Y., and Ekerdt, J. G., J. Catal. 87, 238 
(1984). 
Roozeboom, F., Mittelmeijer-Hazeleger, M. C., 
Moulijn, J. A., Medema, J., De Beer, V. H. J., 
and Gellings, P. J., /. Phys. Chem. 84, 2783 
(1980). 
Santos, J., Phillips, J., and Dumesic, J. A., J. Ca- 
rd. 81, 147 (1983). 
Resasco, D. E., and Haller, G. L., J. Catal. 82, 
279 (1983). 
Chung, Y.-W., Xiong, G., and Kao, C.-C., J. 
Catal. 85, 237 (1984). 
Bracey, J. D., and Burch, R., 1. Catal. 86, 384 
(1984). 
Anderson, J. B. F., Bracey, J. D., Burch, R., and 



DALL’AGNOL ET AL. 

Flambard, A. R., in “Proceedings, 8th Interna- molo, D., Strukul, G., and Zanderighi, L., submit- 
tional Congress on Catalysis. Berlin, 1984.” vol. ted for publication. 
5, p. v-lli. 

24. Fleisch, T. H., Hicks, R. F., and Bell., A. T., J. 28. Ichikawa, M., Shikakura, K., and Kawai, M., in 

Cutal. 87, 398 (1984). 
“China-Japan-USA Symposium on Heteroge- 

25. Weller, S. W., and Montagna, A. A., J. Catal. 20, neous Catalysis Related to Energy Problems,” pa- 

394 (1970); 21, 303 (1971). 
per A08J. Dalian, China, 1982. 

26. Kunimori, K., Ikeda, Y., Soma, M., and Uchi- 29. Winterbottom, J. M., in “Catalysis” (A Specialist 
jima, T., J. Curd. 79, 185 (1983). 

27. Gervasini, A., Morazzoni, F., Pinna, F., Stru- 
Periodical Report), Vol. 4, p. 141. The Royal Soci- 
ety of Chemistry, London, 1981. 


