
J .  Phys. Chem. 1991, 95, 257-269 257 

on doped and undoped poly-3-methythiophene films have shown 
that the extraction of electrons from the valence band results in 
the closing of the band gap, with the extension of the absorption 
spectrum from the visible to the near infrared region. 

Photoelectrochemical measurements show that the photoactivity 
of ClAlPc after transformation I is about three times larger than 
that for an untreated CIAIPc. Under 35 mW.cm-2 of white light 
illumination, the photocurrent rises from 0.2 to 0.6 m A a r 2 ,  even 
if the organic phase becomes disorganized with the introduction 
of Is- in the film. It is usually admitteds-42*43 that an increase of 
crystallinity improves the photoelectronic properties of organic 
thin films. It therefore means that the negative effect due to the 
amorphization of ClAlPc upon iodine uptake is largely compen- 
sated by the formation of a charge-transfer complex. The pho- 
toactivity improvement does not seem to be related to an increase 
of the film conductivity upon iodine uptake. The series resistances 
of the film before and after transformation I have been deduced 
from measurements on the forward region of the dark J-V curves 
and shown to be comparable. However, the same measurements 
indicate an increase of the exchange current density, Jo, from 3 
to 13 PA cm-* upon transformation.” It seems therefore that the 
charge-transfer complex between the ClAlPc and 1,- generates 
favorable conditions at the surface of the film for the transfer of 
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the carriers through the solid-liquid interface. This might occur 
through the interaction between I< engaged in the complex and 
the redox couple (13-/1-) in the solution. 

Recent results have shown that there are other routes, besides 
the formation of a charge-transfer complex, to improve the 
photoactivity of CIAIPc. Indeed, photocurrents as high as 1 
mA-cm-2 (in the same illumination conditions) have been obtained 
by transformation of ClAlPc at  pH = 3.0 in the presence of 0.1 
M CI- or Br- anions. As no charge-transfer complexes are ex- 
pected in these cases, structural modifications have then to be 
responsible of the photoactivity increase. These systems are 
presently under investigation. 

Conclusion 

The NEXAFS and UPS characteristics of ClAlPc obtained 
before and after two kinds of film modifications reveal that a 
charge-transfer complex is formed between the Pc macrocycle and 
iodine introduced as 1s- in the film. The resulting interactions 
affect the position in energy of the valence band as well as the 
unoccupied density of states, which leads to an increase of the 
photoactivity. On the contrary, the low photocurrent activity 
observed with transformation H goes along with a slight modi- 
fication of the electronic characteristic of the Pc film. 

The peculiarity of transformation H resides in the switch from 
a parallel to a perpendicular orientation of the Pc macrocyle on 
the float glass substrate. This is to our knowledge the first time 
that such a reorganization process is observed on a thick film. 
Work has been undertaken to study a possible reversiblity of this 
structural change. 
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The influence of the support has been tested on the reactivity of Pd/rare earth oxides catalysts (La203, Ce02, Pr6OI1, Nd203, 
Tb407). According to BET surface area, chemisorption, temperature-programmed reduction (TPR) and oxidation (TPO), 
X-ray diffraction (XRD) and X-ray photoemission (XPS) characterizations, these catalysts have been classified into three 
classes according to their ability to create anion vacancies: (i) oxides of the type Re203 which are unreducible, (ii) CeOl 
where anion vacancies can be created extrinsically by the reduction process, and (iii) h 6 0 1 1  and Tb407 where anion vacancies 
exist due to the nonstoichiometric nature of these oxides. We emphasize also the role of chlorine, coming from the palladium 
precursor salt, which reacts with the support to form a stable oxychloride phase surrounding the metallic particle and interacting 
with it. Concerning the catalytic activity, (i) the active site is purely metallic in methylcyclopentane hydrogenolysis, with 
small selectivity changes on fluorite oxides as compared to Pd/A1203 catalysts due to some electronic interaction with the 
support, but (ii) the mechanism is found to be partly bifunctional in 3-methylhexane aromatization with a large increase 
in aromatization on PrsOll and Tb407 supports, and (iii) in syngas conversion, production of high alcohols occurs at the 
metalsupport interface and is favored by the presence of intrinsic anion vacancies on Pr6OIl and Tb407 supports. A correlation 
is found between the density of anion vacancies on these supports and the chain growth probability deduced from the 
Anderson-Schulz-Flory plot. 

I. Introduction 
The use of rare earths as promoters or supports in catalytic 

reaction has grown extensively in the past few years, due to in- 
teresting properties encountered in automotive pollution control 
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by catalysis or syngas In catalysis by automotive 
pollution control, the reducibility of some rare earth oxides (Ce02, 
etc.) has been put forward to explain the increase in performance 
of rare-earth-modified catalysts3 In fact, it seems that the easy 
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C e 0 2  
Pro,  

TbO, 

Ti02 

Nd203 

AI203 

Tho2 

7.7 
8.9 
7. I 
8.7 
7.8 
7.7 

10.0 
6.2 

5.4 2.1 
2.6 0.34 
1 .o 1 .1  
6.4 2.1 
4.8 1.8 
0.9 0.35 
0.3 0.1 
0.8 0.4 

TABLE I: Characterization of the Pd/REO, Catalysts 
particle size, 

XRD nm, from 
support Pd, wt % c1, wt % CI/Pd BET support, m2/g Pd support TEM XPS 

20 Y LaOCl 10-20 25 
27 N C e 0 2  nda 8 
30 Y PrOCI, Pr,Oll 8-1 5 6 
37 
9 Y TbOCI, Tb407 10-20 18 

165 Y AI203 6.2 7.2 
65 
5 

Not determined. 

reduction of ceria dispersed on such catalysts is favored by the 
presence of a transition metal (TM) and increases the oxygen 
storage capacity of the catalyst: Thus the rare earth oxides can 
store the oxygen during the oxidative step of the exhaust cycle 
and remove i t  during the reductive step, thereby broadening the 
acceptance window of the air to fuel (A/F) ratio. In syngas 
conversion, the situation is more complicated as both the redu- 
cibility and basicity properties of the rare earth oxides have been 
invoked. Thus on lanthana or other RE203 supports (RE = rare 
earth), the high selectivity of palladium or rhodium toward 
methanol synthesis is explained by the easy decomposition of CO 
on basic sites of the support, in a kind of interaction with the 
transition-metal particle that needs to be e l~c ida ted .~  Moreover 
some authors have also reported a high selectivity of TM/Ce02 
catalysts (TM = Pd, Rh, Pt) toward higher alcohols (ethanol, 
 et^.).^^^^ Generally the explanation of such a selectivity involves 
the activation of CO on an oxygen vacancy of the rare earth lattice 
at the interface of the TM and the support, providing a site suitable 
for a chain growth by further dissociation of C O  and H2 on the 
TM. 

Most of these studies involve the use of lanthana and ceria as 
promoter or support. Only a few studies have been devoted to 
higher rare earth o ~ i d e s . ~ ~ , ~  It is the aim of this work to get a 
further insight into the catalytic properties of palladium deposited 
on higher rare earth oxides and to compare it with the now 
well-known Pd/La203 and Pd/CeO, catalysts. We include in this 
work oxides which crystallize in the fluorite-type structure (Ce02, 
Pro,, TbO,, Tho2)  generally easy to reduce but weakly basic and 
rare earth oxides of the usual hexagonal (A) structure (La203, 
Nd203). We include also as a reference Pd/y-A120, and Pd/Ti02 
catalysts, well-known to give an interaction of a different nature 
between the transition metal and the support under reducing 
conditions. These catalysts have been characterized by X-ray 
diffraction (XRD), transmission electron microscopy (TEM), 
hydrogen and CO chemisorption, temperature-programmed re- 
duction (TPR) and oxidation (TPO), and X-ray photoemission 
(XPS). Catalytic properties have been tested in both saturated 
hydrocarbon conversion (methylcyclopentane (MCP) hydrogen- 
olysis and 3-methylhexane (3-MH) aromatization and isomeri- 
zation) and syngas conversion. We expect that the hydrocarbon 
catalytic conversion occurs on a metallic site under our conditions, 
the role of the support being thus to modify the kinetic parameters. 
To check this point, a careful examination of the selectivity 
products and i3C-labeled experiments have been carried out. The 
product distributions are then compared with published results 
obtained under very similar experimental conditions. On the other 
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A. Appl. Caral. 1989, 50, 43. (b) Katzer, J. R.; Sleight, A. W.; Gajardo, P.; 
Michel, J. B.; Gleason, E. F.; Macmillan, S. Faraday Discuss. Chem. SOC. 
1981, 72, 121. 
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23, 88. (b) Rieck. J. S.; Bell, A. T. J .  Catal. 1986, 99, 278. 

hand, in the syngas conversion, the active site could involve the 
support partly or fully. Thus the comparison between the two 
catalytic behaviors can give us additional information on the nature 
of the active sites in both reactions and on the nature of the 
interaction between the support and the metal. 

11. Experimental Part 
I .  Products. ( a )  Support. The rare earth (RE) and thorium 

oxides supports were prepared according to the method of Mi- 
nachev et aI.* A solution of rare earth nitrate [RE (or Th) 
(NO,),] ( 10-1 N) was precipitated at pH = 9 into hydroxide by 
a few drops of concentrated ammonium hydroxide. The gel was 
then washed with distillated water until all nitrate ions were 
removed, dried for 24 h in an oven at 120 "C, crushed and sieved 
to under 50 pm, and finally calcined under dry air 6 h at 550 OC 
to remove the carbonate ionsg XRD patterns and the change 
of color during the calcination showed that the stable form of the 
rare earth oxide was obtained by this preparation for praseody- 
mium oxide (Pr6Oll, black) and terbium oxide (Tb407, dark 
brown) whereas no color change occurred for the other rare earth 
oxides after calcination. Samples were then stored in a desiccator. 
y-A1203 and Ti02  (P 25) were supplied by Woelm and Degussa, 
respectively, and were used without any further treatment. Surface 
areas determined by the BET method (krypton adsorption) are 
given in Table I. They varied between 5 and 37 m2/g. 

(b)  Catalysts. Catalysts were prepared in the conventional way 
by impregnation of an aqueous solution of Pd(NH3),C12 (IO-' N)  
onto the support. The solution was then evaporated by heating 
at 120 OC, and the samples were dried in an oven for 12 h at  120 
"C and finally crushed and sieved down to 50 pm. Unless oth- 
erwise stated, they were finally calcined under dry air (400 OC, 
4 h) and stored in a dessicator before any use. After catalytic 
tests, the samples were passivated by slow admission of nitrogen 
followed by synthetic air and stored before characterization studies. 

2. Catalytic Tests. (a) Hydrocarbon Conversion. The ex- 
perimental procedure and apparatus have been described else- 
where.I0 The products analysis for MCP hydrogenolysis has also 
been reported." For 3-MH conversion, the products were an- 
ulyzcd on a capillary silicon OV 101 column. A linear rise in 
temperature allowed separation of any saturated hydrocarbons 
between C, (methane) and C7 except for the following: 

Methane and ethane: we suppose that the ethane production 
was negligible compared to the methane production, which is a 
reasonable assumption for palladium catalysts. 

2-Methylhexane (2-MH) and 2,3-dimethylpentane (2,3-DMP) 
which could only be separated by the gas chromatography-mass 
spectrometry (GC-MS) coupling device: we suppose that the ratio 
2-MH/2,3-DMP determined by GC-MS remained constant 
whatever the conversion. 

Methylcyclohexane (MCH) and cis- 1,2-dimethyIcyclopentane 
(c-1.2-DMCP): as we found a ratio (t/c-1,2-DMCP) of 4 on 

(8) Minachev, Kh.; Khodakov, Yu. S.; Nakhshuimov, V. S. J .  Catal. 1977, 
49, 207. 

(9) (a) Fierro, J. L. G.; Mendioroz, S.; Olivan, A. M. J .  Colloid Interface 
Sci. 1985, 107, 60. (b) Rosynek, M. P. Caral. Rev.-Sci. Eng. 1977, 16, 1 1  1. 

( I O )  Corolleur, C.; Corolleur, S.; Gault, F. G. J .  Catal. 1972, 24, 385. 
(11)  Garin, F.; Gault, F. G. J. Am. Chem. SOC. 1975, 97, 4466. 
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Figure 1. XRD patterns of the Pd/TbO, sample, recorded after the calcination, reduction, and hydrocarbon conversion. Lines are assigned from the 
more intense ASTM files. 

D 

Pd/y-AI2O3,l2 we supposed this ratio constant to extract the MCH 
selectivity. 

We checked that no diffusional limitations hampered the de- 
termination of the activity r (in pmol/(s.g Pd)) expressed, for a 
low conversion level cut, by 

r = culF/w (1) 

where F is the hydrocarbon flow (pmol/s) and w is the palladium 
weight (g Pd). The activity r was measured after a first pulse 
of 3 pL of hydrocarbon. No detectable deactivation occurred in 
the course of the experiment and in the range of temperature 
considered. The reproducibility in r determination was about 15%. 

In  kinetic experiments, the activity r is defined as 
r = r, exp(-Eo/Rr) (2) 

where Eo is the apparent activation energy and ro is related to 
the frequency factor. 

The synthesis, purification, and mass spectral analysis of 3- 
methyihe~ane-methyI-'~C have been reported e1~ewhere.I~ 

( b )  Syngas Conoersion. The apparatus for syngas conversion 
under high pressure has been previously described.'4 The catalysts 
(about 500 mg) were reduced under hydrogen at  300 OC during 
12 h. Then a CO + 2H2 flow (2 L-h-l-g cat-') was admitted 
through the catalytic bed at  T = 300 OC and 100 atm of overall 
pressure. Products were analyzed after 12 h under flow. Un- 
condensable products (CO, COz, CH4) were analyzed on a con- 
densed Porapak R column. Other products were condensed in 
water and analyzed on a Chromosorb 101 column. 

The C O  conversion as is expressed as 

1 OO"C,l 
[COI 

(3)  

where N denotes the number of carbon atoms for the hydrocarbon 
or alcohol of concentration [C,] (in mol/s) produced by the 
reaction. The selectivity Si (%) in the product i with i carbon 
atoms of concentration [C,] is defined as 

a, = 

(4) 

3. Characterizations of the Catalysts. ( a )  Elemental Mi- 
croanalysis. The elemental microanalysis of palladium and 

(12) Chilles, J .  F. Thesis, University of Strasbourg, 1981. 
(1 3) Gault, F. G.; Amir-Ebrahimi, V.; Garin, F.; Parayre, P.; Weisang, F. 

(14) Kieffer, R.; Ramaroson, E.; Deluzarche, A,; Trambouze, Y .  React. 
Bull. Soc. Chim. Belg. 1979, 88, 415. 

Kiner. Catal. Lett. 1981, 6, 203. 

chlorine was performed at the Service Central de Microanalyse 
du C N R S  (Vernaison, France). 

(b) X-ray Diffraction. X-ray diffraction patterns were recorded 
on an INEL CPS 120 curved position sensitive detector using the 
Cu Kcu line emission selected by a curved quartz monochromator. 

(c )  Transmission Electron Microscopy. TEM was carried out 
on a Philips EM 400 by depositing the sample on a copper grid 
coated with carbon. The electron acceleration was 100 keV and 
the magnification 200 000. The determination of the particles 
size was difficult due to a poor contrast between the metallic 
particles and the support. Some microdiffraction patterns have 
been recorded. The indexation in lattice parameters was calibrated 
by reference to the gold fcc lattice parameters. On Pd/La203 
and Pd/PrO, we obtained evidence for the oxychloride phase 
LaOCl and PrOCI. No evidence for such phases (MOCI or MCI3) 
was found on the CeOz or y-A1203 supports (Table I) .  
(6) Volumetric Characterizations. H2 and CO chemisorption, 

TPR, and TPO were carried out on the same volumetric device 
described e1~ewhere.I~ 

The following procedure was followed: the dried samples were 
first reduced in situ up to 400 OC. They were then flushed under 
an argon stream and cooled to room temperature. Then the 
hydrogen and CO chemisorption were carried out through the 
injection of H2 and CO pulses at 25 O C .  The hydrogen pressure 
on the sample during a pulse did not exceed 30 Torr which pre- 
vented the formation of a hydride phase. From the stoichiometry 
of adsorption, taken in both cases as one, we determined the 
hydrogen (H/Pd),, and C O  (CO/Pd),, rate of chemisorption. 
Then a temperature-programmed oxidation (TPO) was performed 
by raising the temperature (4 OC/min) up to 400 OC, followed 
by an isothermal oxidation at  400 O C .  The sample was then 
flushed under argon a t  400 OC (1 h) and cooled to 25 OC, and 
a temperature-programmed reduction (TPR) was performed up 
to 400 OC (4 OC/min). The sample was flushed again under argon 
and cooled to 25 OC. We determined thus the overall oxygen 
(O/Pd) and hydrogen (H/Pd) consumptions. Finally hydrogen 
chemisorption was again carried out a t  25 OC (H/Pd)c2. 

( e )  X-ray Photoemission. Experiments were carried out on a 
VG ESCA 3 spectrometer equipped with a preparation chamber 
for thermal treatments under controlled atmosphere. More details 
on the experimental setup and the analysis procedure are given 
elsewhere.I6 Energy lines were referred to the C 1s line at  285.0 
eV. 

(15) Guilleminot, A. Thesis, University of Poitiers, 1984. 
(16) Le Normand, F.; Hilaire, L.; Kili, K.; Krill, G.; Maire, G. J .  Phys. 

Chem. 1988, 92, 2561. 
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TABLE 11: Cbemisorption (H2 and CO), TPR, and TPO on Pd/REO, 
Catalvsts 

support (H/Pd)cl (CO/Pd)cl (O/Pd) (H/Pd) P‘ (H/Pd)c2 
La203 0 0.025 1.1P 2.80 2.55 
CeO, 0 0.02 1.W 3.1* 2.05 0.15 
Pro, 0 0.01 1.35‘ 3.70 2.7 
TbO, 0 0.01 0.95 2.70 2.8 
A1203 0.18 0.13 1.10 2.90 2.55 0.15 

‘02 desorption at 400 OC (very weak in the case of La203- and Pro,- 
supported catalysts). 

111. Results 
I. Characterization Studies. ( a )  Elemental Analysis. Ele- 

mental microanalysis for palladium and chlorine after calcination 
treatments are reported in Table I .  We note generally a high 
chlorine content with rare earth oxide as support, especially for 
the case of Re203 supports where the CI/Pd ratio is near 2. On 
the contrary chlorine was well removed after the catalyst treatment 
on the AI2O3 and TiO, supports. The palladium loading was kept 
constant a t  8 f 2 wt %. 

( b )  X-ray Diffraction. In Figure 1 we present a typical dif- 
fractogram of a Pd/TbO, sample calcined and used in hydro- 
carbon conversion. Besides the patterns of cfc Pd and the stable 
form of TbO, (Tb407), we found patterns that could only be 
assigned to an oxychloride tetragonal phase TbOCI” (patterns 
at 3.09,2.78, and 2.534 8, corresponding to the more intense (1 lo), 
( l O I ) ,  and ( 1  1 1 )  reflection planes, respectively). We observed 
the same phase REOCI on the others samples (RE = La, Pr, and 
Tb), except with CeO, support (Table I). We observed also the 
complete disappearance of the oxide diffraction lines on La2O3, 
probably due to a large amorphization of the oxide by reactivity 
with water which was not completely removed by the low-tem- 
perature calcination treatment. Due to the possible Occurrence 
of other phases with praseodymium and terbium oxides, the 
supports will be named Pro, and TbO,, respectively, unless 
otherwise stated. 

( c )  TEM. In spite of the poor contrast between the support 
and the metallic particles, a visual examination indicates the 
formation of large particles on La203 and Pro,  supports and 
smaller particles on CeO, support. This is in rough agreement 
with XRD results as on the latter support only the lines of pal- 
ladium were not observed. Moreover, the support of the catalyst 
showed a poor crystallinity due to a high amorphization occurring 
during the impregnation treatment, in contrast to the high 
crystallinity of the support alone after a calcination at  550 OC. 
(d) Volumetric Characterizations. Chemisorption. The results 

of H2 and CO chemisorption are given in Table 11. As previously 
described in the Experimental Part, the samples were first reduced 
under hydrogen at  400 OC and the H2 and C O  chemisorptions 
were determined before [(H/Pd)cl and (CO/Pd)cl] and after 
[(H/Pd)c2] the set of TPO-TPR experiments. Before the set of 
TPO-TPR experiments, we note that the hydrogen chemisorption 
was zero except on yA1203, whatever the nature of the rare earth 
oxide. However, a small C O  chemisorption was observed on all 
rare earth oxides. After the set of TPO-TPR experiments, the 
hydrogen chemisorption increased largely on Pd/CeO, catalyst. 
Thus the calcination treatment during the TPO completely changes 
the chemisorptive properties of the catalysts. 
TPO and TPR. The stoichiometries of overall oxygen (O/Pd) 

and hydrogen (H/Pd) consumptions obtained respectively during 
the TPO and TPR are reported in Table 11, whereas the TPO and 
TPR are represented in Figures 2 and 3, respectively. The oxygen 
consumptions related to palladium content are expected to be 1 
which corresponds to the formation of palladium oxide according 
to 

H2 desorption. c p  = (H/Pd)/(O/Pd). 

Pd + Y2O2 - PdO (A) 
A higher consumption was obtained with C e 0 2  and Pro, which 
could be assigned to some reoxidation of the support such as 

(B) Ce02-, + (x /2 )02  - CeO, 
~ 

(17) Templeton, D. H.; Dauben, C. H. J .  Am. Cfiem. SOC. 1953,75,6069. 

Figure 3. TPR of the Pd-supported catalysts (4 OC/min). 

TPO (Figure 2) supports this conclusion, as the main peak of 
oxygen consumption was observed, whatever the support, between 
360 and 400 OC, a range of temperature where the oxidation of 
palladium is likely to occur,18 whereas other oxygen consumption 
takes place at  lower temperature in the case of CeO, and Pro, 
support. On Pd/Ce02 catalysts, we note three additional con- 
sumptions at around 25, 110, and 260 OC which could be assigned 
to a reoxidation of the support. Taking into account the work 
of Yao et aI.,l9 the reoxidation of the support CeO, may involve 
three steps which are, in order of decreasing temperature, (i) the 
filling of oxygen vacancy sites at the interface of the support and 
the transition metal, then (ii) the filling of surface oxygen vacancy 
sites of the support, and finally (iii) the filling of bulk oxygen 
vacancy sites. However, as we obtained some evidence for an easy 
reoxidation of palladium on Ce02,,0a we could not exclude also 
some oxygen consumption due to reaction A at temperatures lower 
than 400 OC. In the same way the oxygen consumption at  about 
200 OC on Pd/PrO, catalyst could be assigned to some reoxidation 
of the support. 

(18) Legare. P.; Hilaire, L.; Maire, G.; Krill, G.; Amamou, A. Surf. Sci. 
1981, 107, 533. 
(19) Yao, H. C. C.; Yao. F. Y. Yu. J. Catal. 1984, 86, 254. 
(20) (a) Bernal, S.; Botana, F. J.; Garcia, R.; Kang, Z.; Lopez, M. L.; Pan, 

M.; Ramirez, F.; Rodrguez-Izquierdo, J. M. Caral. Today 1988, 2, 653. (b) 
Le Normand, F.; Barrault, J.; Hilaire, L. Stud. Surf. Sci. Carol. 1987, 30, 
221. 
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1 

Figure 4. XPS 3d line of palladium on Pd/PrO, before and after an in 
situ reduction ( I  50 O C ,  I atm of H2). The fitting procedure has been 
described in ref 16. 

The hydrogen consumptions were always larger than the 
stoichiometry supposed for the palladium reduction process (Table 
11): 

(C) 

This implies the occurrence of spillover, a well-known process 
on transition metal supported on y-A1203,2' or other incorporation 
of hydrogen on to the support.22 This process was followed (or 
not followed) by support reduction according to 

PdO + H2 + H 2 0  + Pd 

Pd 
C e 0 2  + (x/2)H2 - Ce02H, - Ce02-(x/2) + (x /2)H20 

(D) 
Fierro et al. report that dehydration of ceria alone occurs 

between 300 and 400 "C? but we can expect that the presence 
of the transition metal decreases this t e m p e r a t ~ r e . ' ~ , ~ ~  Such a 
support reduction may involve, by the creation of oxygen vacancies, 
the reverse steps already seen in TPO, Le., the metal-support 
interface, the surface of the support, and finally the bulk of the 
support in order of increasing temperature. We can exclude an 
important hydrogen consumption due to carbonate reduction, as 
the whole cycle TPO + TPR was repeated and we checked that 
the hydrogen and oxygen consumptions were reproducible. 

Figure 3 clearly indicates that hydrogen was consumed mainly 
at  25 "C. We must note, however, the singular behavior of 
Pd/PrO, catalyst where additional consumption occurred at higher 
temperature ( 1  10-200 "C). At such temperatures, desorption 
also occurred, indicating that a dynamic equilibrium between 
hydrogen adsorption and desorption was established. We must 
note that the ratio p of hydrogen to oxygen consumption in the 
TPR and TPO processes was nearly constant at 2.65 * 0.1 5 except 
for Pd/Ce02 where it was lower. This could incidate that the 
additional H2 and O2 consumptions occurred according to the same 
process whatever the support and whatever the difference in Hz 

(21) Conner, Jr. W. C. In Hydrogen Eflecrs in Curalysrs; Paal, Z.; Menon, 

(22) Rojo, J.  M.; Sanz, J.; Soria, J.  A.; Fierro, J.  L. G. 2. Phys. Chem. 
P. G.; EMS.; Dekker: Amsterdam, The Netherlands, 1986. 

1987, 149. 
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Figure 5. (a, top) TR 3d lines before reduction. The origin of the energy 
scale is taken at the first well-characterized line. The intensity units are 
arbitrary. (b, bottom) TR 3d lines after in situ reduction (1 atm of H1. 
150 "C). 

and O2 consumptions. On the contrary, on Pd/Ce02 catalysts, 
the oxygen diffusion seemed to be favored. 

In conclusion, we must emphasize the singular behavior of 
Pd/Ce02 and, to a lesser extent, of Pd/PrO, catalysts. These 
supports are able to consume Hz and O2 at  a much higher rate 
than expected from a simple oxidation-reduction of palladium. 

( e )  X-ray Photoemission. Binding Energies. We present in 
Table 111 the binding energies of the main photoemission Pd 3d5 
and C12p transitions. They are commonly referred to the C fs 
line at  285.0 eV. Most of the samples were reduced before in- 
vestigation. The influence of a precalcination has been investi- 
gated. 

Generally palladium was in a metallic state at 335.1 f 0.2 eV. 
Before the in situ reduction, a tail was observed on the main 
metallic peak, revealing the presence of a second line after de- 
convolutions, at 3.0 f 0.5 eV toward higher binding energies. This 
contribution represented between 5 and 20% of the main line 
(Figure 4A). From similar observations on Pd-Ce/y-A1203 
catalysts, we assign this line to a palladium oxychloride species,16b 
the chloride being localized at  the interface between the support 
REO, and the metal particle. After in situ reduction, this line 
disappeared and we obtained a single peak characteristic of 
metallic palladium (Figure 4B). 
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TABLE 111: X P S  Bindinn Enemies and Surface Ratios of PUREO. 
Catalysts (Reference C 1; = 283.0 eV) 
support calcined" Pd 3dSl2 CI 2p 10-2(Pd/RE) 10-2(CI/RE) 6" 
La,Ol N 334.9 198.3 5.7 11 136.7 
Ce0,- N 335.6 198.6 9.2 17 137.0 
Pro, N 334.9 198.0 1 5  33 136.9 
TbO, N 334.9 198.3 14 19 136.7 
A120, N 335.0 ndb 19 nd nd 
CeO, Y 335.1 199.1 12 4 136.0 
Pro, Y 335.3 198.3 19 7.7 137.0 
AI,O, Y 335.5 198.8 12 1.6 136.7 

"See text for the meaning of 6. *Not determined. 

The RE 3d lines are represented in Figure Sa for La, Ce, Pr, 
and Tb, respectively. We note two lines for the light rare earth 
oxides (La and Pr), apart from the spin-orbit coupling. These 
spectra arc in qualitatively good agreement with previously re- 
ported spectra.23 These two lines are due to a final state effect, 
the screening of the core hole giving the two final states 4f" 3d99* 
at higher binding energy and 4P" 3d9** at lower binding energy." 
On the other hand the Ce 3d level gives more complex features 
whose discussion is beyond the scope of this paper.25 Briefly the 
two low binding energy lines are assigned to a mixing of 4 f  3d99* 
and 4f' 3d99* final states, whereas the high-energy line is assigned 
to the single 4 p  3d99* final state. Finally the terbium 3d gives 
one single 4f line with a shoulder which must correspond to a 
mixing of the 4fB 3d93* and 4f' 3d9** final states. On heavy rare 
earths, screening effects do not operate as the 4f levels are much 
too localized and the intensity of these lines can thus directly be 
related to the initial 4f occupancy.24 

Reduction of the La, Pr, and Tb cations will result in an increase 
in the low binding energy contribution 4P+' 3d93* to the detriment 
of the high binding energy contribution 4f" 3d99*. The spectra 
of La203, Pro, (Figure Sb), and TbO, remained unchanged. On 
the contrary, on Ce02,  new lines appeared, noted v,, v', and u' 
on Figure 5b. These lines have been assigned to the final states 
4 f  3d9,* (v,) and 4f' 3d9** (v' and u') for the 5/2 and 3/2 states 
respectively of an initial Ce3+ state.26 Thus photoemission brings 
strong evidence for a rapid reduction of ceria in the presence of 
a transition metal as reported el~ewhere,~' a behavior different 
from any other rare earth oxide used as support. Let us note, 
however, that surface ceria species are mainly involved in the 
photoemission process. 

Concerning the 0 Is line (Figure 6) one single line was obtained 
at 532.0 eV on y-AIZ03, whereas two lines were obtained on rare 
earth oxides, respectively, a t  529.5 f 0.5 and 531.5 f 0.5 eV, the 
intensity of the latter being of the same order of magnitude. We 
attribute the first line at low binding energy to lattice oxygen, in 
agreement with the l i t e r a t ~ r e . ~ ~  Modification of the oxygen 
environment by reduction of the oxide of the rare earth cation 
could not completely explain the shift of 2 eV toward higher 
binding energies. Recent results, in agreement with the literature, 
proved that reduction of lattice cation Ce4+ to Ce3+ results only 
in a broadening of the corresponding 0 Is line28-29 due to a very 
small shift. Thus the second 0 Is line could only be explained 
by hydroxylated or carbonated oxygen surface species that can 
only be removed by treatment a t  high temperature. Moreover, 
careful examination of the C Is line confirmed the presence of 
carbonate species, not completely removed by the calcination at 
400 O C .  This observation points out the higher level of hy- 
droxylation or carbonation of the rare earth oxide surface com- 
pared to the alumina surface. 

(23) (a) Jorgensen, C. K.: Berthou, H. Chem. Phys. Lett. 1975, 13, 186. 
(b) Sarma, D. D.; Rao, C. N. R. J. Electron Spectrosc. Relat. Phenom. 1980, 
20, 25. 

(24) Hillebrecht, V.; Fuggle, J. C. Phys. Reu. B 1982, 25. 3550. 
(25) Kotani, A.; Jo, T.: Parlebas, J. C. Adu. Phys. 1988, 37, 37. 
(26) Le Normand, F.; El Fallah, J.; Hilaire. L.; Legare, P.: Kotani, A,; 

(27) El Fallah, J.; Hilaire, L.; Le Normand, F. Unpublished results. 
(28) Takasu, Y.; Matsui, M.; Tamura, H.; Kawamura, S.; Matsuda, Y.; 

(29) Barr, T. L. J .  Phys. Chem. 1978.82, 1801. 

Parlebas, J. C. Solid State Commun. 1989, 71. 

Toyoshima, I. J. Catal. 1981, 69, 51. 

1nt.l 
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Figure 6. XPS 0 1s line of Pd/AI2O3 and Pd/PrO, catalysts. 

Surjace Intensities. In Table I11 we note the high value of the 
molar ratio Cl/support on rare earth oxides, always in large excess 
relative to the palladium content. The retention of chlorine on 
cerium promoted or supported catalysts treated at low temperature 
has already been strongly underlined.I6 The calcination treatment 
a t  400 OC resulted in a large decrease of the CI/RE ratio on 
Pd/Ce02 and, to a lesser extent, on Pd/PrO, catalysts, coupled 
with a small increase of Pd/RE ratio. Moreover, the binding 
energy difference between palladium and chlorine expressed as 

( 5 )  

was constant around 136.8 f 0.2 eV but decreased by 0.5-1.0 
eV on the calcined Pd/Ce02. We have noted that 6 is indicative 
of the strength of an interaction between the transition metal and 
the support through a chlorine bridge.30 Obviously the nature 
of this interaction is changed by calcination on Pd/Ce02. 

In the limit of a low surface area support, the ratio of the 
intensity of the metallic signal I ,  to the support signal I ,  could 
be indicative of the palladium dispersion, according to Angevine's 
formula3' 

6 = Eb(Pd 3d5/2) - Eb(C1 2p) 

where ( I ,  ,)- represents the ratio of the intensities of m and s, 
respective&, given by infinitely thick samples, &(E,) is the mean 
free path of the electron at the kinetic energy E due to the element 
x, f is the fraction of support surface covere$ by the metal, and 
c is the mean size of a metallic particle. In this formula we neglect 
the surface coverage by chlorine or other impurities. Assuming 
for the sake of simplicity that the metallic particles have a cubic 
shape and c/X >> I ,  eq 6 reduces to 

As 

(7)  

and 
(Im/s)- = cm/snm/s~m(Em)/&(Es) (9) 

where x is the metallic loading, n, and n, are the density of the 
metal and support respectively, a is a geometric factor equal to 
5 when the particle has cubic shape32 and um/s denotes the ratio 

(30) Kili, K. Thesis, University of Strasbourg, France, 1988. 
(31) Angevine, P. J.: Vartuli, J. C.; Delgass, W .  N. In Proceedings of the 

VIth International Congress on Catalysis; Bond, G .  C., Wells, P. B., Tomp- 
kins, F. C., Eds.; Londres. 1976; p 611. 
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TABLE IV: MCP Hydrogenolysis on PdIREO, ( T  = 300 OC, P MCP 
= 5.2 Torr: P ”. = 755 Torr) 

r ,  m o l /  
support treatmenta (s.g Pd) 2-MP 3-MP n-H C P  

La,O, B 0.08 47 31 16.5 5.5 
c/o2- 
Pro, 

TiO, 
A1203 

La203 
Ce02 
Pro,  

TbO, 
Nd203 

T h o ,  
~ 1 2 0 3  
Ti02 

C 
C 
C 
C 
C 

0.20 56 22.5 20.5 1 
0.02 54 26.5 16.5 3 
0.16 46 26 24.5 3.5 
0.92 47 29 19 5 

0.0 I 
0.04 

0.19 

0.03 
1.14 
0.44 

- < 3  x 10-3 

5 4  x 10-3 

ndb nd nd nd 
56 22.5 19 2.5 
nd nd nd nd 
51 27.5 18 3.5 
nd nd nd nd 
51 26 16 7 
49 24 19 8 
48 27 22 3 

“See text for the significance of treatments B and C. *Not deter- 
mined. 

SCHEME I 

6 

of the cross sections for the photoemission line of metal and support 
respectively as tabulated by S ~ o f i e l d . ~ ~  Assuming that 

Xm(Em)/Xs(Es)  a (Em/s)”’ (10) 

we find finally 

ax Um/s(Em/s)”’ 
c = - [  SBET nslm/s +$]  (11) 

Equation 11 gives an estimation of the mean particle sizes that 
are reported in Table I .  They compare reasonably with the results 
of hydrogen chemisorption as reported in Table I1 and thus 
confirms TEM observations especially on Pd/y-Alz03 catalysts. 
Nevertheless, as some assumptions in the calculation are ques- 
tionable and as the particle size distribution could be not uniform, 
this probe can only give us a rough estimation of the mean particle 
size. This could explain the discrepancy between both methods 
on Pd/PrO, catalyst. 

IV. Catalytic Activity 
I .  Methylcyclopentane Hydrogenolysis. Let us recall first that 

all samples were first calcined under dry air at 400 OC. 
In Table IV we report the activities (in pmol/(s.g Pd)) for two 

kinds of reduction, one (B) carried out a t  200 O C  and the other 
(C) a t  400 OC before the catalytic test, which has been carried 
out at 300 OC. The products of reaction are depicted on Scheme 
I .  

Blank experiments, performed on ceria support alone, gave 
negligible activity. We must note first that a direct reduction at 
400 OC, without calcination of the samples (treatment A), gave 
a very low catalytic activity except for Pd/Al2O3 catalyst, in 
agreement with the reported formation of strong metalsupport 
interaction both on TiOz and rare earth oxides.34 

(32) Boudart, M.; Djega-Mariadassou, G. Cinetique des reactions en 
catalyse hh;rog&e, Masson: Paris, 1982; p 26. 

(33) Scofield, J.  H.  J. Electron Spectrosc. Relat. Phenom. 1976,8, 129. 
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TABLE V: Activation Energies in MCP Hydrogenolysis on PdIREO, 
(AT = 275-320 OC, Treatment C) 

E A ,  kcal/mol 
SUDDOrt M2P M3P n-H CP 
CeO, 60 62 59 67 
Nd203 58 62 61 71 
TbO, 62 63 63 
Tho2 53 54 54 
A1203 52 47 47 57 

TABLE VI: 3-MH Aromatization on PUREO, ( T  = 360 OC; P*MH 
= 5 Torr; P H2 = 755 Torr) 

support cq Sc S I D  S A  r R A  

La203 4.7 51 37 12 0.81 0.10 
CeO, 4.0 53 42 5 3.80 0.19 
Ce02“ 4.1 66 286 6 0.4e 2.4 X 
Pro, 4.2 38 43 19 2.50 0.57 
Nd203  3.1 67 23 IO 0.43 0.05 
TbO, 5.8 71 9 20 0.84 0.24 
Ti02 7.2 65 32 3 0.45 0.04 
A1203 4.0 50 41 9 9.9 0.79 

OSupport alone. 

After reduction of high temperature, following the calcination 
(treatment C), the activity was very low for most samples with 
RE oxides as support, but not on Pd/TiO, and Pd/AI2O3 catalysts 
(Table IV). On comparing the influence of treatments B and C 
on the catalytic activity, the net result was a decrease, from a factor 
of only 2 on Pd/Ti02 to values higher than 5 on Pd/REO, cat- 
alysts. Thus the nature of the strong metal-support interaction 
is different on TiO, and on the R E  oxides support. On the 
contrary, on Pd/A1,03 catalyst, the activity increased by almost 
10 with a higher reduction temperature. 

The selectivities in MCP hydrogenolysis include the direct 
formation of 2- and 3-methylpentane (2-MP and 3-MP, respec- 
tively), n-hexane (n-H), and cyclopentane (CP) formed by the 
initial hydrogenolysis of the endo (rupture 1,2,3) or exocyclic 
(rupture 4) carbon-carbon bond (Scheme I ) .  Extensive cracking 
or ring enlargement was negligible under our conditions, except 
on Pd/PrO, and Pd/TbO, where some cyclohexane formation 
was detected. Selectivity distributions are reported in Table IV 
for low conversion rates (14%). The reproducibility in 2-MP 
selectivity, the main product, was f2%.  We did not observe any 
important change in the product distribution with the reduction 
temperature. However, small but definite and reproducible 
changes occurred according to the nature of the rare earth. Then 
the selectivities in 2-MP ranged from around 55% to 45% ac- 
cording to the sequence 
CeO, = Pro, > T h o z  = Ndz03 > Laz03 TiO, Al2O3 

We note that the oxide supports of the fluorite type are the most 
efficient in 2-MP selectivity. 

Activation energies for each carbon-arbon rupture are reported 
i n  Tnblc V together with some Arrhenius plots log ri = f( 1 / T )  
(Figure 7, a and b). The results show, whatever the carbon-carbon 
bond rupture, a higher activation energy by about IO kcal/mol 
on palladium supported on rare earth oxides or Tho,, compared 
LO Pd/y-AI2O3. Furthermore, we note on catalysts supported on 
rare earth oxides a linear correlation between the activation energy 
and the frequency factor for each carbon-carbon bond rupture. 
This compensation effect is well-known in catalysis and has re- 
ceived many  explanation^.^^^^^ Moreover, we note that, for 
Pd/y-A1203, the compensation curve has a slightly different slope. 

2. 3 - M H  Aromatization. Overall Results. In Table VI the 
total activity r and the aromatization activity rA are reported 
together with the selectivity in the main products, i.e., hydro- 

Mainly olefins. C I n  pmol/(s.m2 BET). 

(34) Meriaudeau, P.; Dutel, J. F.; Dufaux, M.; Naccache, C. Stud. Surf. 

( 3 5 )  Galwey, A. Catal. Rev.-Sci. Eng. 1977, 26. 247. 
(36) Conner, Jr. W. C. J. Catal. 1982, 78, 238. 

Sci. Catal. 1982, 7, 95. 
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Figure 7. (a, top) Arrhenius plot log Ri = Al/T) on Pd/TbO, and 
Pd/Nd203. (b, bottom) Arrhenius plot log Ri =Al/ t )  on Pd/CeO, and 
Pd/Tb02. 
SCHEME I1 

'l-' 6 *, w, e t c . .  

cracking Sc,  isomerization and dehydrocyclization SID and aro- 
matization SA (Scheme 11). 

Whereas both isomerization and dehydrocyclization could be 
considered as reversible processes in our conditions, the hydro- 
cracking and the aromatization are irre~ersible.~' Moreover, it 
is now well-known that isomerization on palladium occurs mainly 
according to a cyclic mechanism, which makes hopeless any 
differentiation between dehydrocyclization and isomerization 

(37) Gault, F. G .  Adu. Carol. 1981, 30, 1 

SCHEME 111 

r 

SCHEME IV 

/ I I2 112 

products.3s First we must note that the activity of the support 
alone, contrarily to the MCP hydrogenolysis, was not negligible. 
The main reactions were hydrocracking according to an internal 
carbon-rbon bond rupture, dehydrogenation, and aromatization. 
The total activity on palladium-supported catalysts, according to 
the support, ranged as follows 

A1203 > CeOl > Pro,  > TbO, > La203 > Nd2O3 
while the sequence in aromatization activity rA was somewhat 
different: 

A1203 > Pro, > C e 0 2  > TbO, > La203 > Nd203 
These results point out the high aromatization activity on Pro,, 
Ce02,  and TbO, compared to the La203 and Nd203 supports. 
Particularly on Pd/PrO, and Pd/TbO, the results compared fairly 
well with Pd/AI2O3 catalysts, whereas the dispersion of palladium 
on the rare earth support was substantially lower. Thus we in- 
vestigated specifically the aromatization mechanism on Pd/AI2O3 
and the Pd/PrO, catalysts. Activation energies in aromatization 
were respectively 56 and 65 kcal/mol determined between 320 
and 360 OC but were reduced by a factor of 2 at  higher tem- 
peratures in both cases, suggesting kinetical limitations by a 
diffusion process. Nevertheless, the frequency factors were re- 
spectively 2.1 x l O I 4  and 1.7 X 10" mol/(s.g Pd), indicating a 
much higher density of specific sites for aromatization on Pd/PrO, 
catalysts. 

Mechanistic Studies Using Labeled 3-MH. We performed 
experiments with labeled 3-methylhe~ane-methyI-'~C. The use 
of such a molecule allows us to separate the direct aromatization 
mechanism occurring through 1 -6-cyclization according to Scheme 
111 and an indirect mechanism obtained by I-5-cyclization fol- 
lowed by ring enlargement according to the following pathways 
(Scheme IV). Indeed the demethylation in the source of the mass 
spectrometer occurs exclusively by rupture of the exocyclic car- 
bon-carbon bond, giving a cyclohexane fragment. We note a6 
the ratio of C13 enrichment for the demethylated fragment relative 
to the C13 enrichment of the reactant molecule. Thus a6 gives 
us directly the contribution of the indirect mechanism.39 

Higher a6 values are obtained on Pd/PrO, as compared to 
Pd/AI2O3 under the same experimental conditions (Table VIIA). 
However, we must compare the two catalysts for the same levels 
of aromatization aA and total aT conversions, a situation that we 
found on Pd/y-A1203 by considerably lowering the hydrogen 
pressure from 760 to 38 Torr.I2 Then the isotopic distributions 
on the two catalysts compared fairly well, within experimental 
accuracy. Thus the high selectivity toward aromatization on 
Pd/PrO, is probably due to a strong modification of the surface 
reaction kinetics parameters, Le., a decrease in hydrogen and/or 
an increase in hydrocarbon partial pressure, rather than a change 
in the reaction mechanism. The main mechanism of aromatization 

(38) Hajek, M.; Corolleur, S.; Corolleur, C.; Maire, G.;  OCinneide, A.; 

(39) Amir-Ebrahimi, V.; Gault, F. G. Org. Muss. Spectrom. 1975, 10.71 1. 
Gault, F. G. J .  Chim. Phys. 1974, 71, 1329. 
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TABLE VII: (A) Aromatization and Hydrocracking and (B) Isomerization of 3-Methylhe~ane-methyl-'~C on Pd/PrO, and Pd/y-A1203 (T = 360 
OC, P s M H  = 5 Torr; PH2 = 755 Torr) 

A 

The Journal of Physical Chemistry, Vol. 95, No. 1, 1991 

support aT a A  a6(MCH+) 
Pro, 13.7 3.3 0.32 95 3 2 19 14 14 53 

A1203 25.3 1.2 0.12 95 - 
A1203' 15.3 3.2 0.28 99 5 

Pro,  20.2 5.4 0.33 96 2 2 17 18 7 58 
28 30 1 41 
18 21 7 54 

1 

B 
2MHb NH' 

support (YT BS, % CM, % BS, 7% CM, % 
Pro, 13.7 44 56 38 62 
A1203 25.3 36 64 26 74 
AI203" 15.3 88 12 90 IO 

" P H 2  = 38 Torr according to ref 12. bPathways calculated according to BS (%) = 2 ( 5 0 - h ) .  'Pathways calculated according to BS (%) = 
2 (-). 

TABLE VIII: Syngas Conversion on Pd/REO, Catalysts ( T  = 300 OC, Total Pressure = 100 atm, [H2]/[CO] = 2, Catalyst Weight = 500 mg) 
support co2 CHI DME CHSOH CiHSOH PropOH BuOH + PenOH . .  

AI,Ot 7.5 1 1  1 1  69 
LGO; 5.8 26 18 14 
C e 0 2  20.6 4 3 2 
Pro,  2.9 1 1  7 
TbO, 3.8 21 14 

"Conversion per gram of catalyst. 

is then the I-6-cyclization on both catalysts (Scheme 111). 
However, the high level of isotopic enrichment of the demethylated 
fragment (a6 - 0.3) on Pd/PrO, strongly suggests that fast 
successive reactions readily occur through 1,5-cyclization and 
hydrogenolysis (Scheme IV). The Occurrence of these successive 
steps on Pd/PrO, is favored by a decrease in hydrogen or an 
increase in hydrocarbon coverage. 

Considering the isomerization pathway, the contribution of 
self-isomerization, i.e., the rearrangement of the label in the 
reactant molecule, did not exceed 5% of the initial labeled product 
on both catalysts (Table VIIA). Within experimental error, the 
main formation of 2-methylhexane-methyl-13C (Scheme V, e and 
f') and [ l-'F]heptanes on both catalysts supports an isomerization 
mechanism occurring through cyclic adsorbed intermediates in- 
stead of a bond shift (Table VIIB), according to the pathways 
depicted in Scheme V. 

We assume that the probability for bond shift isomerization 
in n-heptanes through an ethyl shift (Scheme Va) or a propyl shift 
(Scheme Vb) are identical, which can be justified by the close 
analogy in the intermediate species. However, we could not 
assume that the hydrogenolysis of adsorbed ethylcyclopentane 
(Scheme Vd) and 1,2-dimethyIcyclopentane (Scheme Vc), giving 
the same isotopic [ I-I3C]n-heptane have the same rate, as it has 
been previously shown that the rate of ethylcyclopentane hydro- 
gcnolysis is much higher than that of the 1,2-dimethylcyclopentane 
hydrogenolysis.I2 Thus we could only determine an overall con- 
tribution to the cyclic mechanism pathway. The cyclic mechanism 
isomerization represented about 55-75% of the overall process 
in both cases. The important feature is that, as far as isomerization 
is concerned, Pd/PrO, behaved like Pd/y-A1203 catalysts oper- 
ating under the same conditions of hydrogen pressure. 

As for isomerization, the hydrocracking process was very similar 
on both catalysts, the labeled distribution in MCP and the main 
product of hydrogenolysis being not affected by changing the 
support (Table VIIA). 

3. CO Conoersion. The activity and products distribution in 
C O  + H2 conversion are reported in Table VIII. 

The highest activity was shown by the Pd/Ce02 catalyst. Other 
catalysts gave rather comparable activity levels. 

On La203 and CeOz, the main product was methanol, whereas 
on A1203 the main product was dimethyl ether (DME). These 

9 
41 
91 traces 
78 2 I 
49 7 5 4 

SCHEME V - - a [BS] %I(" 

u -  

ads X '  2 '  

results are in good agreement with reported literature data on 
palladium  catalyst^.^^^^*^ On Pro, and TbO,, methanol was the 
main product, but the new feature was the formation of higher 
alcohols. This was especially the case for TbO, support, where 
C2-C5 alcohols were detected. The Cz-Cs alcohol distribution 
clearly obeys a Anderson-Schulz-Flory law (Figure 8). We 
observe nevertheless a strong deviation from this law for methanol 
formation both on Tb0,- and Pro,-supported catalysts. 

Discussion. The results presented above suggest two questions: 
(1) What difference can we find in the adsorption and catalytic 
behaviors between the RE203 and REO,, supports? ( 2 )  What 
is the exact nature of the catalytic sites on these supports for both 
hydrocarbon conversion and syngas reaction? To progress on these 
two questions, we must clarify first the nature of the support 
(texture, phase, impurities, etc.) and the metallic dispersion on 
these supports. 

Nature of the Support. X R D ,  TEM, XPS, and volumetric 
analyses provide us with some useful information on the catalysts 

(40) Ryndin, Yu. A,; Hicks, F. F.; Bell, A. T.; Yermakov, Yu. I. J .  Card 
1981, 70, 281. 
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Figure 8. Anderson-Schulz-Flory plot log (CN/N) =AN) of the alcohols 
C,-C5 distribution on Pd/PrO, (0 )  and Pd/TbO, (m). 

formed by a transition metal deposited on rare earth oxides. 
The first clear information is the exact nature of the support. 

Both XRD and TEM examinations support the idea of badly 
crystallized rare earth systems due to easy hydroxide and carbonate 
species f~rmat ion .~ '  The calcination treatment at 400 OC cannot 
fully restore the oxide form. Moreover, fluorite oxides exhibit 
in the range of oxygen stoichiometry 2 C x C 1.5 a very rich phase 
diagram with a large ability to form nonstoichiometric com- 
p o u n d ~ . ~ ~  From XRD and TEM examinations, it is clear that 
the stable oxide phases of the support are Ce02,  Pr601], and 
Tb407, respectively, which means that, for the last two supports, 
anion vacancies with an ordered periodicity do exist intrinsically. 
This is an important point on which we shall come back later when 
discussing the nature of the catalytic active sites. 

However, XPS and volumetric experiments can give us addi- 
tional information on the modification of these oxides under 
reducing conditions. TPR clearly indicates that hydrogen diffusion 
on the support occurs during the reduction, whatever the nature 
of the rare earth oxide. Moreover, the 0 Is line shows a high 
amount of hydroxylated or carbonated oxygen on the surface. RE 
3d lines obviously show that La, Pr, and Tb oxides are not further 
modified upon reduction. On the contrary, Ce02 is partly reduced, 
probably to some nonstoichiometric phase CeO,,. This reduction 
occurs through an extrinsic formation of oxygen vacancies,43 
induced by the presence of both the transition metal and hydrogen. 
The creation of these vacancies increases the rate of anion dif- 
fusion, both by an entropic (number of vacancies) and enthalpic 
(activation energy) terms and thus can explain the enhanced 
oxygen diffusion on ceria during the TPO process.44 

To summarize, we can state that the rare earth oxides inves- 
tigated in this study as supports of catalysts can be classified into 
three distinct series: unreducible supports (LazO3, Nd203) where 
oxygen vacancies are unlikely to occur whatever the treatment; 
supports with intrinsic oxygen vacancies (Pr6O]l7 Tb,O,); and 
support with an extrinsic formation of oxygen vacancies upon 
reduction ( Ce02-,). 

Another important point which needs to be clarified is the nature 
and the localization of chlorine on these supports. Chlorine comes 
from the precursor salt of the transition metal. Elemental analysis 
gives a high chlorine loading and in some cases (La203, Nd2O3, 

(41) Bernal, S.; Botana, F. J . ;  Garcia, R.; Rodriguez-Izquierdo, J. M. 

(42) Gschneidner, Jr. K.; Eyring, L. Handbook of Rare Earths; North 
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(44) Catlow, C. R. Nonsfoichiometric Oxides, Academic Press: New 
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Holland: Amsterdam, 1979; Vol. 3,  p 337.  

York, 1981; p 12. 
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and TbO,) the molar ratio CI/Pd remains close to 2. This in- 
dicates that no chlorine evolution occurs during the pretreatment 
of the catalyst. On the contrary, the chlorine evolution is almost 
complete on A1,03, TiO,, Tho2, and CeOz supports. XRD points 
out the occurrence of a REOCl phase on most rare earth oxides 
except Ce02. Such a phase is known to be stable under calcination 
conditions up to high temperatures. It has been shown that only 
the oxychloride CeOCl is decomposed to C e O t 5  around 300 OC. 
Indeed the chlorine surface content, as measured by XPS, de- 
creases during the calcination treatment on Pro, and CeO,, 
probably indicating a decomposition which is partial for PrOCl 
and complete for CeOCI. An oxychloride phase has been evi- 
denced on Pd-Ce and Pd-La/A1203 catalysts for large enough 
rare earth loadings'6a and has been noticed on Pd/La203 cata- 
l y s t ~ . ~ ~  However, we note on the other hand that the XPS Pd 
3d lines give always a weak contribution at high binding energy. 
The shift of about 3 eV relative to the metallic line could be 
assigned to a Pd-CI species formed at the interface of the metal 
particle and the support, the chlorine species being provided by 
the oxychlbride phase surrounding the metallic particle. The same 
effect has been observed to a larger extent by XPS and EXAFS 
on Pd-La and Pd-Ce/AI2O3 catalysts.51 Upon air admission, part 
of the chlorine of this phase combined with palladium at  the 
interface of the support, playing the role of a bridge between the 
transition metal and the support. Under reductive environment, 
the Pd-CI bond is broken. On ceria support, the occurrence of 
such an interaction depends on the calcination temperature due 
to the instability of the oxychloride phase. On the contrary, on 
Pd/AI2O3 and Pd/TiO,, most chlorine is evolved by the calci- 
nation. 

In conclusion, we must emphasize here the ability of rare earth 
oxides to attract the chlorine coming from the precursor salt of 
palladium. The result is the formation of a stable oxychloride 
phase surrounding the metallic particle. 

Dispersion of the Metallic Phase. The metallic dispersion is 
lower on rare earth oxides than on alumina, except probably for 
the Pd/Ce02 catalyst. This is ascertained by TEM vizualization, 
chemisorption measurements, XPS estimation of the metal/sup- 
port ratio and catalytic activity for MCP conversion. 

The absence of chemisorption after a high-temperature re- 
duction is probably not indicative of the real dispersion but of the 
occurrence of a strong interaction between the metal and the 
support. This has been described as a nesting of the palladium 
particle throughout the reduced ceria lattice,48 encapsulation of 
the particle by the reduced support,53 direct electronic in te ra~t ion ,~~ 
or even alloy f o r m a t i ~ n . ~ . ~ ~  The calcination treatment restores 
the hydrogen chemisorption ability on the ceria support. However, 
chemisorption results are probably not completely reliable both 
for C O  and H2 chemisorption as C O  chemisorbs and could be 
decomposed even on the support alone as reported by Mitchell 
et and H2 spillover onto the support probably occurs even 
at  room temperature. Thus we think that the activity for MCP 
conversion is more reliable to obtain information on the dispersion 
state of the transition metal, provided that (i) the metal is fully 
reduced and (ii) the catalytic activity takes place on the metallic 
phase at a rate independent of the dispersion. On the first point, 
the metallic character of palladium, even at low-temperature 
reduction (150 "C), is checked by XPS. On alumina, however, 
the MCP conversion is higher after a high-temperature reduction, 
which suggests that full reduction on alumina requires a reduction 
up to 400 "C. In the same way B a r r a ~ l t ~ ~  and TurlierSo report 
the easy reduction of Ni on such a support. The second point will 
be discussed later, but we can retain that the MCP reactivity 
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Density of Charges 

occurs on the metallic particle, even if some interaction with the 
support may slightly deviate the selectivity. Finally the turnover 
frequency in MCP conversion has been found independent of the 
metallic dispersion on Pd/A1203.51*s2 The activity according to 
the support ranges in the following decreasing order: 

AI2O3 > Ti02 >> Ndz03,  C e 0 2  > Pro,, TbO,, La203 

The activity for Pd/AI20, catalyst is taken after a reduction at  
400 OC. This classification is rather in agreement with the ob- 
servations of the dispersion obtained from TEM or XPS, with 
particle size ranging from ca. 6 nm on AI2O3 to more than 10 nm 
on the RE oxides. 

I n  addition, the evolution of the activity with increasing re- 
duction temperature can give us additional information on the 
nature of the metal-support interaction. We report that the 
decrease in activity is somewhat higher on rare earth oxides than 
on titania. The process of strong metal-support interaction has 
been well studied on this last support and most explanations 
assume an encapsulation of the metallic particle by some reduced 
species of the support.s3 This suggests that the mechanism of 
interaction between the transition metal and the support is at least 
partly different on Ti02 and CeO,. Sanchez and G a s q u e ~ , ~ ~  in 
the framework of a purely geometric model, have pointed out that 
reduced fluorite oxides could not bury metallic atoms, a different 
behavior from the oxides of the cassiterite type such as TiO,. 
However, this model could not explain the strong decrease in 
catalytic activity occurring with increasing reduction temperature 
on fluorite oxides. Thus a direct electronic interaction or an alloy 
formation is also possible. 

MCP Hydrogenolysis. As reported elsewhere,52 the activity 
and selectivity of Pd/AI2O3 in MCP hydrogenolysis is not 
structure-sensitive when particle sizes are higher than about 3 nm. 
Here we obtain a small but definite change of selectivity toward 
2MP formation on fluorite oxides supports (Ce02, Pro,, TbO,, 
Tho2). The same effect has been pointed out on Pd-Ce/y-A1203 
catalysts with increasing Ce content4’ On the fluorite supports, 
the activation energies are higher by about 10 kcal/mol relative 
to Pd/AI2O3. Moreover, the activation energies fit a unique 
compensation curve on these supports (and Nd203) which is 
slightly different on Pd/AI2O3. To explain this compensation 
effect, Conner Jr.36 points out that an increase in the enthalpy 
of formation (thus in the activation energy) is compensated by 
an increase of the entropy (thus in the frequency factor) of the 
metal-adsorbate system. As pointed out elsewhere:’ the selectivity 
in MCP hydrogenolysis is governed by the adsorption of MCP 
on metal giving a o-alkyl carbon-metal bond. The electronic 
density of charges calculated by Hoffmanns5 on each carbon atom 
of the MCP molecule states a high electronic density of charges 
on the carbon atoms located in cy and p of the tertiary carbon 
(Scheme VI).  Thus, taking into account the electrodonor 
character of the Pd-C bonds6 we can explain that (i) an electronic 
transfer from the support to the metallic particle increases the 
2-MP and N H  selectivities and (ii) the activation energy increases. 
According to this interpretation, the N H  selectivity must also 
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increase. This is not observed, probably due to some steric hin- 
drance. In agreement with that interpretation, the 3d XPS binding 
energy of palladium is lower by 0.4 eV on the calcined Pd/Ce02 
as compared to Pd/AI2O3. However, our results can also be 
explained by morphological changes of the metallic particless8 (new 
exposed faces of specific selectivity) induced by the support or 
by specific reaction rates a t  the metalsupport interface or even 
on the support. Although blank experiments are negative, we could 
not exclude some contribution of the support as CeO, support is 
reduced in the presence of palladium as shown by XPS and thus 
could behave differently from the support alone which is unre- 
duced. However, we could exclude the involvement of basic sites 
on fluorite oxides, as these oxides have weaker basic sites than 
Re203 oxidess7 whose behavior as support in MCP hydrogenolysis 
is quite similar to A1203. On the other hand a bifunctional 
mechanism with the participation of acidic sites is improbable, 
as carbenium ions intermediates give mainly NH.60 In the case 
of specific reaction at the metalsupport interface, NH formation 
is also reported.59 

In conclusion, the small selectivity change in MCP hydrogen- 
olysis on Pd/fluorite catalyst can be best explained by an electronic 
interaction with the support, i.e., a modification of palladium 
density of states induced by the oxide. 

3-MH Aromatization. Let us summarize briefly the main 
results of this study on 3-MH reactivity: 

Ceria support is not inactive at  360 OC; the main products are 
hydrocracking and dehydrogenation (including aromatization). 

The aromatization activity is higher for Pd/AI2O3 and Pd 
deposited on fluorite type oxides (Ce02, Pro,, TbO,). 

The aromatization selectivity is highest on the Pro, and TbO, 
supports. 

The selectivity enhancement in aromatization on catalysts 
supported on fluorite type oxides is due to an increase in the 
number of active sites. 

The high amount of indirect aromatization occurring through 
1-5 dehydrocyclization can be related to a change of the hydrogen 
to hydrocarbon coverage ratio. 

Contrarily to aromatization, isomerization occurs mainly 
through a cyclic mechanism on Pd/AI2O3 and Pd/PrO,. 

Obviously the large increase in frequency factor on Pd/PrO, 
catalyst can only be taken into account by the creation of new 
active sites a t  the interface or even on the support since the 
palladium dispersion remains lower on these catalysts. Here we 
must emphasize the role of chlorine present on the support sur- 
rounding the metallic particle. Chlorine is well-known as a 
promoter of reforming on Pt/A1203 catalysts, including aroma- 
tization. On such a catalyst, the mechanism is bifunctional, 
chlorine increasing the acidity strength of support sites involved 
in aromatization.60 Thus the selectivity in aromatization is 
generally higher on RE oxides than on Alz03 or on Ti02. How- 
ever, the increase in chlorine content and the creation of new active 
sites on the support cannot explain the different behavior between 
the RE203 and the REO2-, supports. We must also invoke the 
stabilization of c6 and cs ring intermediate species on oxygen 
vacancies of the support due to the generation of strong Lewis 
acid sites. The C5 ring species are well-known as byproducts 
responsible for deactivation in reforming reaction. They can thus 
provide intermediates for aromatization products, as ascertained 
here by the high selectivity toward 1-5-cyclic intermediates in 
the aromatization process. We can invoke also the poor hydro- 
genation ability of fluorite oxides compared to the other RE203.8 
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SCHEME VI1 

Cd' 

anior 62" 
Isomerization occurs clearly on the metallic site according to 

a cyclic mechanism which is the main process on palladium. On 
the contrary an acidic mechanism@ occurs through a completely 
different pathway. 

In conclusion, new active sites specific for aromatization are 
created on Pd deposited on fluoritstype oxide but complementary 
works are needed to clarify the role of parameters such as chlorine 
content and oxygen vacancies content on this selectivity. 

Syngas Reucriuity. The important point is the selectivity toward 
higher alcohols on Pd/PrO, and especially Pd/TbO, catalysts, 
since only a few results have been reported for alcohol chain growth 
on Pd  catalyst^.^^*^^^ It is generally accepted that the transition 
metals such as palladium dissociate CO poorly and are weak 
catalysts for a chain growth of alcohols, whereas Pd deposited 
on basic rare earth oxides (La203, Nd2O3) are efficient catalysts 
for the methanol synthesis? Indeed we find methanol as the main 
product on all catalysts, except on Pd/AI203. 

The chain growth mechanism on noble metals (Rh, Pd) involves 
a C 1 oxygenated insertion into a CH, species?' We think that 
dissociation of CO on palladium can occur here as oxygen va- 
cancies exist at the metal-support interface. Burch et a1.62 note 
on Pd/Ti02 that the reduction of the support at the metalsupport 
interface helps the adsorption or the dissociation of CO. Disso- 
ciation of CO is more probable on Pd/PrO, and Pd/TbO, where 
intrinsic vacancies exist in the oxide lattice. On Ce02 extrinsic 
vacancies at the metal-support interface can be created by re- 
duction of the support or substitution by an aliovalent cation such 
as Li+ in the ceria lattice.& The same authors note, however, that 
the reduction of the support could also help the CO dissociation 
by a change in the electronic properties of the meta1F2 Whatever 
the interpretation, it seems clear that the metalsupport interface 
plays a key role in the dissociation of CO on palladium. Thus 
we try to depict on Scheme VI1 the dissociation of CO at the 
palladium-fluorite oxide interface where the oxygen fills the 
vacancy and the carbon is partly hydrogenated into a carbene 
species or another unsaturated hydrocarbon species. The ad- 
sorption on adjacent sites of CO together with a carbene species 
renders possible the CO insertion and thus the chain growth 
mechanism. Such a mechanism has been already proposed by 
Van den Berg et al.63 One important consequence of this 
mechanism is that CPI hydrocarbons and C,, alcohols are parallel 
products obtained through the same intermediate. The parameter 
that governs the selectivity toward alcohols is the hydrogenation 
activity of the metal which must decrease to favor the CO insertion 
step. Many explanations have been put forward in the literature, 
but the situation remains somewhat unclear today. Some authors 
have invoked the formation of metallic ions" or on the contrary 
an electronic enrichment of the meta1.49*62 However, in our case 
we note that the two supports on which we obtain significant chain 
growth in syngas conversion (Prox, TbO,) are the same on which 
a high selectivity toward aromatization is observed in 3-MH 
conversion. As seen before, we explain the high aromatization 
selectivity by the generation of strong acidic sites on the support 
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due to the formation of vacancies and to the presence of chlorine. 
Thus we think that the loss in hydrogenation activity could be 
explained by the same effects. This implies that the long alcohol 
chain is stabilized by the support. Returning to Scheme VII, we 
note that carbene intermediates are likely to occur on palladium. 
They have been invoked as intermediates in the homologation of 
hydrocarbons, which occurs specifically on palladium.64 The 
formation of a carbene species at the metalsupport interface close 
to an adsorbed and dissociated CO or a formyl species makes 
possible an insertion mechanism and alcohol formation. Formyl 
species have been characterized on Rh and Pd/Ce02 catalysts 
by IR spectroscopy and chemical trapping.6s 

We note that the high probability of oxygen vacancies at the 
interface, and consequently the dissociation of CO would favor 
a large chain growth. According to XRD, the stable forms of 
the rare earth fluorite oxides are Ceo2, Pr6011, and Tb&, re- 
spectively. Pr6Oll and Tb4O7 are incomplete oxides and could 
be represented by removing 1/3 and 1/2 of the oxygen atoms 
respectively, along the ( 1 1 1 ) axis.'2 Thus we could classify the 
fluorite-type oxides according to the probability of oxygen va- 
cancies as 

Tb407 > Pr6011 > Ce02-, 

Thus the probability of periodically distributed oxygen vacancies 
along the ( 1 1  1 ) axis is 33 and 50% for Pr6011 and Tb&, re- 
spectively, whereas for Ce02-, the probability is unknown but 
could not be zero as extrinsic vacancies are created by reduction. 
We compare the probability of oxygen vacancies which are formed 
along an ( 1 1 1 ) axis with the probability of chain growth a deduced 
from the slope of the Schulz-Flory plot according to 

1 - a  log c,, = log - + n log a 

We find that these probabilities are 33 and 45% for Pd/Pr6011 
and Pd/Tb407, respectively. The good correlation obtained be- 
tween the two sets of probabilities clearly suggests a strong 
correlation between the occurrence of oxygen vacancies at the 
metal-support interface and the chain growth of alcohols. The 
absence of significant chain growth on Pd/Ce02 catalyst, in spite 
of the reduction of the support as evidenced by XPS, can be due 
to (i) the lesser extent of extrinsic oxygen vacancies created by 
the reduction and (ii) more probably to the randomly or disordered 
distribution of vacancies. However, Diagne et aI.& have shown 
that chain growth can be obtained on ceria supports by adjunction 
of lithium, this cation increasing probably the oxygen vacancies. 
Obviously, however, these results need further confirmation on 
other fluorite-type oxides, as only two nonstoichiometric oxides 
are involved in this work. Oxygen vacancies may be created 
intrinsically as stable forms of nonstoichiometric oxides or ex- 
trinsically through chemical reduction, substitution by an aliovalent 
cation, or formation of mixed oxides. 

(12) a 

V. Conclusion 
In conclusion, the main points of this work are the following. 
1. Rare earth oxides have been classified into three classes 

according to their ability to create anionic vacancies in the presence 
of the transition metal: unreducible oxides of the type RE2O3; 
fluorite oxides with intrinsic anionic vacancies such as Pr6011 and 
Tb407; and fluorites oxides with extrinsic anionic vacancies such ' 

as Ce02-, created during the reduction process in the presence 
of the transition metal. 

2. Catalytic activity and selectivity toward varied probes exhibit 
changes that can be best explained by (i) an electronic interaction 
for the small selectivity change in MCP hydrogenolysis on catalysts 
supported on fluorite-type oxides; (ii) a bifunctional mechanism 
for the high aromatization selectivity in 3-MH conversion on 
catalysts supported on intrinsic fluorite-type oxides; (iii) a 
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mechanism of chain growth at the interface of the transition metal 
and of intrinsic fluorite-type oxide for the dissociation of CO on 
palladium and the formation of high alcohols in syngas conversion. 

Some points however remain unclear. Thus a high alcohol 
selectivity is found on the intrinsic fluorite-type oxide. The 
catalytic site has been assigned to a set formed by transition-metal 
atom (or adjacent atoms) and a couple of adjacent vacant anionic 
sites and anionic sites on the support (Scheme VII). Now we may 
expect from the intrinsic nature of these oxides an ordered dis- 
tribution of surface anionic vacancies. Thus the specific nature 

of the catalytic site may induce some special alcohol selectivity 
rather than a Schulz-Flory distribution. To test this hypothesis, 
further work must be undertaken in order to prepare catalysts 
supported on fluorite-type oxides with a controlled and homo- 
geneous distribution of anionic vacancies. 
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The absorption and fluorescence of 0-, m-, and p-distyrylbenzenes on surfaces of polycrystalline silica and alumina were 
investigated in the adsorbed state. Time-resolved diffuse reflectance transient absorption spectra were recorded following 
pulsed nanosecond laser excitation at 354 nm. In each case, a long-lived transient was detected and assigned to radical-cation 
absorption, and in two cases a short-lived transient was observed and assigned to triplet-triplet absorption. The radicals 
were also detected by ESR spectroscopy after laser excitation. Experimental observations of the laser fluence dependence 
of the radical-ion formation efficiency are consistent with a mechanism involving the sequential absorption of two photons 
during the same laser pulse. It is shown that model calculations for one- and two-photon excitation processes give predictions 
that are in good agreement with the measurements of the triplet-state and radical-ion production, respectively. The radicals 
decay by electron-ion recombination. The experimentally observed decay curves are well described by a temperature-activated 
diffusion model. Decay kinetics are discussed and tested in relation to this theoretical treatment. 

Introduction 
Adsorbed organic molecules can be photoionized with photon 

energies far below their ionization potentials, IP, as long as the 
adsorbent consists of a semiconductor. After photoexcitation of 
either the adsorbent or the adsorbate, an electron or hole is 
transferred between the adsorbate and an energy band of the 
semiconductor, and the excess charge diffuses into the bulk of the 
semiconductor, leaving the radical ion on the surface. The cor- 
responding process on insulators is very unfavorable since low- 
energy conduction bands are not available. Nevertheless, radical 
cations of conjugated hydrocarbons with IP > 7.5 eV can be 
produced on insulators with laser pulses that have photon energies 
of only 3-4 eV.'J Beck and Thomas propose that photoionization 
on insulator surfaces is the result of two-photon absorption and 
that the adsorbed radical decays via recombination involving either 
electron tunneling or a diffusion process.' The adsorbed radical 
ions have been detected by the method of diffuse reflectance laser 
flash phot~lys is~ .~  using polycrystalline microporous metal oxides 
such as silica or alumina as adsorbents. 

Until now, neither the mechanism of the creation nor the 
deactivation of the adsorbed radicals was fully understood. One 
of the aims of this paper is to quantify these reaction steps on the 
basis of new experimental data. Since a laser pulse produces in 
a strongly light-scattering sample a very high photon flux density 
within a very small volume, it is reasonable to assume that non- 
linear optical effects are of importance in the excitation process. 
An obvious starting point is to consider two consecutive absorption 

* To whom correspondence should be addressed. 

steps. This process is well understood from jet-beam experiments 
in the gas p h a ~ e , ~ , ~  where the radicals are stabilized in molecular 
donor-acceptor clusters. Similar processes are assumed to operate 
also in the liquid in micelles,I0 and in polymers,'I and 
the proof is mainly given by showing that the initial rate of the 
radical formation increases quadratically with the intensity of the 
exciting light. It is especially difficult to evaluate corresponding 
experiments in light-scattering media because the photometric 
laws are much more complex than in transparent media and 
because even a very small self-absorption by the adsorbent is 
crucial for the initial rate of transient formation. However, we 
have been able to develop numerical methods, based on the Ku- 
belka-Munk model,'2 which allow us to quantify diffuse reflec- 
tance laser flash experiments with respect to decay kinetics, . 
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