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Electron-transfer reactions between A&IO,, PdCl,(PhCN)2 and [Rh(CO)eCl]t dissolved in 
aprotic solvents (toluene or tetrahydrofuran) with Cr(I1) ions on the surface of SiO, have been 
followed at room temperature, in the absence of air, and at various metal:Cr(II) ratios, by EPR 
spectrometry. A broad, intense signal characteristic of spin-coupled Cr(III) was generally 
observed, but the reactions proceeded neither stoichiometrically nor simply. When the molar 
Pd(II):Cr(II) ratio was 0.5 or less, most of the Pd(I1) was reduced to Pd” by electron transfer from 
the Cr(I1): when it was greater, the excess complex partly adsorbed and decomposed on the 
support. Oxidation of Cr(I1) by electron-transfer to Rh(1) was however complete only when the 
Rh(I) : Cr(I1) ratio was 5. With AgCIO,, the principal reaction was reduction of the anion, giving 
AgCl and Ag,Cr,O,. Products after drying were characterized by X-ray diffraction, transmission 
electron microscopy, but most informatively by selective chemisorption (CO on Pd, H, on Rh) after 
reduction in HZ at 120°C and evacuation at 380°C. The Pd metal area (expressed as m* per g metal) 
increased as the molar Pd(I1) : Cr(I1) ratio was decreased from 2.5 to 0.18, where the Pd was 
monatomically dispersed (CO/Pd, = 1). In the Rh-containing products, the Rh was only 
moderately well dispersed (2 - 50-125 A). Pd” formed by electron-transfer from Cr(I1) showed 
transient specific activity for ethane hydrogenolysis some 300 times higher than that shown by 
larger particles. Specific activities of the Rh catalysts were also about 100 times larger than 
previously reported values. 

INTRODUCTION 

Conventional preparations of supported 
metal catalysts usually begin either with the 
impregnation of a porous support with an 
aqueous solution of a salt of the metal, or 
with cation exchange of protons on the 
surface of the support by means of a suit- 
able salt or complex, also from aqueous 
solution. There is then a drying step, 
sometimes followed by calcination, and 
finally the material is reduced, usually with 
Hz, at the appropriate temperature. The 
mean size, size distribution, and location 

’ Present address: Institut ftir Silicatforschung, 
Neunerplatz 2, 87 Wiirzburg, West Germany. 

within the support particles of the resulting 
metal crystallites are thus mainly governed 
by the pore structure of the support, or by 
the acidic characteristics of its surface, and 
by the mobility of intermediate species dur- 
ing drying, calcination, or reduction. Pre- 
cise control over these factors is extremely 
difficult. 

We have investigated an alternative route 
to the preparation of supported metals, 
using a support on which is incorporated a 
reducing function. A system with the de- 
sired properties is the CO-reduced Phillips 
catalyst, the reductant being coordinatively 
unsaturated Cr(I1) bound to the SiOZ sup- 
port by two =SiO- groups (1). Its reaction 
with a noble metal compound in a suitable 
solvent might occur as: 
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where X- is an anion and L is a solvent 
molecule or other ligand. Thus reduction of 
the metal by electron transfer from the 
Cr(I1) should create first atomically dis- 
persed metal on the surface, although sub- 
sequent diffusion and collision might lead to 
small crystallites. Assuming an even distri- 
bution of the Cr(I1) centers over the sur- 
face, the average distance between them is 
calculated to be ca. 1.5 nm for the material 
used in this work. Since this procedure 
avoids the use of high temperatures, one 
would expect only limited mobility of metal 
atoms and consequently the formation of 
highly dispersed metal. In this paper we 
report (i) the preparation of Rh, Pd, and Ag 
catalysts, (ii) their characterization by 
EPR, X-ray diffraction, transmission elec- 
tron microscopy, and specific HZ or CO 
chemisorption, and (iii) the activity of the 
Rh and Pd catalysts for the hydrogenolysis 
of ethane, 

EXPERIMENT 

Muterials. The preparation of Cr(II)/ 
SiOZ (2.1 wt% total Cr, 1.8 wt% Cr(II), 3.5 
x 10e4 mole Cr(I1) g-l, average oxidation 
state 2.14) has been described earlier (I). 
AgC104 (BDH, reagent grade) was dried at 
130°C and 0.1 Torr for 5 h, and stored under 
Ar. [Rh(CO),Cl], was supplied by Johnson 
Matthey Chemicals Ltd. and used without 
further purification. PdC&(PhCN), was 
prepared by Kharasch’s method (2). To- 
luene and tetrahydrofuran (THF) were 
refluxed over Na/benzophenone and 
purged with purified Ar (I) for several 
hours before fractionation, and stored un- 
der Ar. 

Preparation of the metal on Cr/SiO, cata- 
lysts was carried out according to the fol- 
lowing general procedure, which involved 
the application of Schlenk tube techniques 

with Ar for all operations to maintain 
strictly O,-free conditions. A weighed 
amount of the metal compound was dis- 
solved in the minimum volume of solvent 
after several vacuum/Ar cycles and then 
passed through a glass sinter to a magneti- 
cally stirred suspension of the Cr(II)/SiO, 
(ca. 1 g in 25 ml solvent). The color of the 
solid gradually changed to black or brown. 
After stirring for several hours at room 
temperature, the liquid phase was removed 
by decantation and the solid washed with 
several portions of fresh solvent. The cata- 
lyst was then dried at 100°C by means of 
vacuum/Ar cycles for 30 min, and stored 
under Ar. Details of the preparations are 
given in Table 1. 

Catalyst characterization. EPR spectra 
were recorded on a Varian E3 spectrometer 
in the X-band at room temperature: quartz 
sample tubes were fitted with Schlenk 
adapters to permit handling of materials 
under an inert atmosphere. X-Ray powder 
photographs were taken using an 11.46-cm- 
diameter camera and Ni-filtered CuK, radi- 
ation, after exposure of the catalysts to air. 
Ultramicrotomed sections of catalysts em- 
bedded in Araldite were examined by trans- 
mission electron microscopy using an AEI 
E5 instrument. 

Adsorption isotherms of Hz on the Rh 
catalysts and of CO on the Pd catalysts 
were determined after the following pre- 
treatment. Each sample was first evacuated 
overnight at room temperature (10-j Torr): 
He was then admitted (120 Torr) and the 
temperature raised to 120°C. After 1 h the 
H2 was evacuated (16 h) and the tempera- 
ture then raised to 380°C; after 1.5 h (lo-” 
Torr) the sample was cooled to room tem- 
perature and the isotherm measured. Cor- 
rections were applied for the small amount 
of physical adsorption of CO on the pure 
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TABLE 1 

Conditions of Catalyst Preparation 

Number Metal Solvent Metal taken M”+/Cr(II)’ Reaction Metal found Metal found comments 
(mm&) time (h) (tnmole) (wt%) 

1 Ag HI0 0.35 1 2.5 0.35 3.1 Immediate reaction: final washing 
with THF 

2 4 THF 0.35 1 3 0.34 3.6 - 
3 Ag T0lllelle 0.35 1 3 0.34 3.6 Olive-brown product 
4 Pd THF 0.065 0.37 3 0.065 0.69 - 
5 Pd T0hlelle 0.175 I 3 0.176 1.87 - 
6 Pd THF 0.193 1.1 3 0.187 1.99 - 
7 Pd THF 0.35 2 3 0.255 2.71 - 
8 Pd THF 0.875 5 50 0.67 7.1 Partial decomposition of solution: 

no washing 
9 Pd THF 0.19 2) 0.5 0.19 2.02 Suspension evaporated to dryness in 

“(ICUO 
10 Rh THF 0.13 0.37 4.5 0.13 1.34 Dark olive-brown product 
I1 Rh THF 0.35 I 3 0.24 2.48 - 
12 Rh THF 1.75 5 5 0.43 4.44 - 
13 Rh THF 0.284 d 2.25 0.284 2.92 Suspension evaporated to dryness in 

wcuo: yellow-grey product 

a Ratio of equivalents initially present. 
b Cr-free SiOt support had undergone all stages of the Cr(II)/SiO, preparation, except impregnation with CrOs in H*O. 

support; physical adsorption of H, was 
negligible. 

Measurement of catalytic activities. A 
mixture of C2H, + H, (HZ/C2H6 = 6) was 
prepared by passing the appropriate mix- 
ture of C,H, and H, over a PdjSiO, catalyst 
at atmospheric pressure under conditions 
such that complete conversion to C2H, oc- 
curred. Cylinder H2 was purified by pas- 
sage over Pd/A1203 pellets and 5A molecu- 
lar sieve; cylinder C,H, was merely passed 
over 5A sieve. The catalyst rested on a 
glass sinter in a Pyrex tube of 7 mm i.d. 
Products were analyzed by glc using a 30- 
cm column of A&O3 at 50°C and N, as 
carrier gas; a flame ionization detector al- 
lowed the measurement of conversions to 
CH, as low as 0.005%. 

To record the observed rapid changes in 
activity during the early stages of the use of 
these catalysts, the following conditions 
were used throughout. Catalyst (150 mg) 
was placed in the reactor, and the reactant 
mixture introduced at room temperature 
(total flow rate, 35 cm3 min-I); after 5 min, 
the temperature was raised linearly (about 
10 K min-‘) to either 213.W for the Rh 
catalysts or 357.X for the Pd catalysts. 
Product analysis was performed at 1-min 

intervals from the onset of temperature 
programming: the appearance of CH, was 
first detected at 170°C over the Rh catalysts 
and at 220°C over the Pd catalysts. 

RESULTS AND DISCUSSION 

EPR Spectroscopy 

EPR spectroscopy was used to investi- 
gate the oxidation states of Cr ions formed 
in the redox reactions between Cr(I1) and 
the metal salt or complexes. The starting 
material itself showed only a weak asym- 
metric signal (g = 4) and a very weak 
symmetric signal (g = 1.97, AH,, = 120 G) 
(Fig. 1A). They have been ascribed to iso- 
lated (&phase) and spin-interacting (p- 
phase) Cr(II1) ions, respectively (3). The 
double integrated &signal accounted for 
only about 2% of the Cr(II1) present (based 
on the average oxidation number of 2.14), 
so the remainder was presumed to be of the 
P-type, giving too broad a signal to be 
detected. After oxidation with dry O2 and 
subsequent evacuation, an intense and 
sharp asymmetric line appeared (g = 1.97) 
(Fig. 1B): this so-called y-phase has been 
controversially attributed to single Cr(V) 
centers (3) as well as to spin-exchanging 
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FIG. 1. EPR spectra of Phillips catalysts (A) After 
CO reduction, under Ar; (B) the same after admission 
of 02, under vacuum; (C) the same after reaction with 
PdCl,(PhCN), or [Rh(CO),Cl],, under vacuum; (D) 
after admission of 0, to C, under vacuum. 

Cr(VI)-Cr(III)-Cr(V1) triple centers (4). 
Counted as Cr(V) it represented about 
1.9% of the total Cr; the main product of 
oxidation by 0, is known to be diamagnetic 
Cr(V1) (5). 

Experiments were performed in which 
the initial ratios of Pd(I1) and of Rh(1) to 
Cr(II), expressed as equivalents assuming 
only the redox process to occur, were var- 
ied from 0.37 to 5; however with Ag(1) only 
equimolar ratios were used (Table 1). Oxi- 
dation of Cr(II)/Si02 by solutions of either 
PdCI,(PhCN), or [Rh(C0)2C1], produced a 
broad, very intense signal (g = 1.97, AH,, 
= MO-650 G) characteristic of spin-coupled 
Cr(II1) (Fig. IC): we therefore conclude 
that Cr(I1) was oxidized to Cr(II1) by elec- 
tron-transfer of the noble metal. The sol- 
vents alone affected only the shape and 
intensity of the S-signal, and did not cause 
any enhancement of the P-signal. 

In those experiments where the ratio of 
equivalents of noble metal to Cr(I1) was 

greater than about unity (experiments 7, 8, 
11-13 in Table l), noble metal was found 
remaining in solution. After combining the 
filtrate and washings, and evaporation of 
the solvent, the amounts of the metals were 
estimated by standard procedures, and the 
amount of noble metal on the catalyst was 
found by difference. This procedure does 
not of course reveal the form of the metal 
remaining on the solid, or the nature of the 
process which led to its retention. Figure 2 
illustrates the relationships between the ini- 
tial ratio of equivalents, the noble metal 
content of the solid in mequiv g-l, and the 
height of the Cr(II1) signal in arbitrary 
units. Except in experiment 8, times of 
reaction were comparable, and variations 
seemed to have only a minor effect; for 
example, repetition of experiment 11 with a 
time of 5 h led to identical results. 

In the Pd system, the Pd content of the 
catalyst was greater than the theoretical 
limit as determined by the Cr(I1) concentra- 
tion when the initial ratio of equivalents 
exceeded about unity (Fig. 2). Clearly some 
process other than the redox reaction (1) 
has led to retention of metal by the solid: 
one possibility is that the complex may 
decompose on the SiO, support itself, and 

0 I 2 a 4 
M”t/Cr(II) /equmlents 

FIG. 2. Dependence of noble metal content of solid 
(solid points) and of Cr(II1) signal height (open points) 
upon the initial ratio of M”+ to Cr(I1). The broken lines 
represent the maximum amount of metal which may be 
formed by electron transfer. Upper diagram, Rh: 
lower diagram, Pd. 
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this was indeed confirmed by tests with Cr- 
free support. After treating SiO, for 3 h 
with a solution of PdCl,(PhCN), in THF 
and then washing with the solvent, the SiOZ 
appeared grey. Decomposition in solution 
to insoluble products was also observed in 
experiment 8. With Rh, the metal content 
did not much exceed the theoretical limit 
even when the initial ratio of equivalents 
was 5, but the Rh complex also reacted 
with Cr-free silica. The original yellow 
color of [Rh(CO),Cl],/SiO, changed to a 
dirty greenish-yellow during evaporation of 
the solvent at 100°C (experiment 13), and 
slowly to brown when the sample was 
stored in air in a closed vessel. Another 
complication appears to arise from strongly 
adsorbed complex molecules being 
sufficiently mobile to react slowly with 
Cr(I1) centers, as a further increase in the 
Cr(II1) signal was observed in dry samples 
which had been stored under Ar for several 
months. That part of the complexes which 
is decomposed on the SiO, support, or 
which is merely retained through being 
strongly adsorbed, or which is precipitated 
after decomposition in solution, will proba- 
bly be reduced to metal under the condi- 
tions employed in the chemisorption and 
catalytic experiments (see below). For con- 
venience we refer to this as Type II metal, 
and that formed by electron-transfer as 
Type I metal. 

In principle a plot of Cr(II1) signal height 
versus total metal content should allow 
estimation of the fraction of retained metal 
which has been reduced in the redox 
process, viz. Type I/(Type I + Type II). 
We do not however know the form of the 
relationship between signal height and 
Cr(II1) concentration for the spin-exchang- 
ing Cr(III) centers. If we assume propor- 
tionality and a theoretical maximum signal 
height somewhat greater than that observed 
in experiment 8, we can get an approximate 
idea of that fraction by simple projection. 
In Fig. 3 the solid line gives the size of the 
Cr(II1) signal expected on these assump- 
tions if process (1) occurs exclusively; the 

0 04 0.6 Irl I.6 2.0 

Total metal content / mequiv. g-’ 

FIG. 3. Dependence of Cr(III) signal height on total 
metal content. The broken line represents the maxi- 
mum amount of metal which may be formed by 
electron transfer; for further description, see text. 
Open points, Pd; half-filled points, Rh. 

horizontal distance of any point from this 
line thus measures the amount of metal 
retained due to other factors (i.e., Type II 
metal). 

We may summarize our conclusions from 
this part of the work as follows. There is 
clear evidence for the occurrence of elec- 
tron-transfer between Cr(I1) and Pd(I1) or 
Rh(I) in the complexes, but the reactions do 
not proceed stoichiometrically according to 
process (1). In the Pd system, essentially 
complete utilization of the Cr(I1) in the 
redox process occurs only when a consider- 
able excess of the Pd(I1) complex is present 
(experiment 8): then of course much (about 
3) of the Pd metal ultimately formed after 
treatment with H, is Type II (Fig. 3). On the 
other hand, when there is a stoichiometric 
deficiency of the Pd(I1) complex (experi- 
ment 4), a larger fraction (about one-half) of 
the Pd in the catalyst is Type I. The Rh(1) 
complex seems to react less efficiently with 
Cr(I1) than does the Pd(I1) complex. Even 
where there is an excess of Cr(II) over 
Rh(1) (experiments 10 and ll), relatively 
little Type I Rh metal results, as shown by 
the low Cr(II1) signal. Moreover the total 
Rh content of the solid does not rise in 
proportion to the amount of the Rh(1) com- 
plex taken, in contrast to the situation with 
Pd, perhaps because the SiO, surface has 
only a limited ability to retain or to decom- 
pose the Rh(1) complex. However thefrac- 
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FIG. 4. Dependence of y-signal height on Cr(III) 
signal height. Symbols as in Fig. 3. 

tion of Cr(II) utilized in reducing it to the 
metal does appear to increase with increas- 
ing Rh(I) : Cr(I1) ratio (Figs. 2 and 3). Thus 
in both systems the ratio of Type I to Type 
II metal decreases with increasing metal 
content, because the electron-transfer re- 
duction of the complexes is more probable 
when Cr(I1) is in excess. 

The Pd and Rh catalysts were at this 
stage still sensitive to oxidation by OZ. 
After admission of 0, to 1 atm and subse- 
quent evacuation, the EPR spectra exhib- 
ited on additional y-signal (Fig. 1D) and in 
most cases a slightly increased Cr(II1) sig- 
nal. The heights of these two signals 
showed an interesting correlation with each 
other (Fig. 4). Under the preparation condi- 
tions used, the formation of the y-phase 
was not noticeably suppressed by THF and 
only to about 15% by PhCN in THF at a 
concentration corresponding to that used in 
preparation 8. We therefore conclude that 
the Cr(I1) unconsumed by process 1 could 
be oxidized by 0, to that Cr species respon- 
sible for the y-signal. Provided that the 
height of the Cr(II1) signal is proportional to 
the number of Cr(II1) centers, the nonlin- 
earity of the plots in Fig. 4 provides further 
evidence (6) that the Cr(I1) centers are 
nonuniform with respect to oxidation to the 
y-phase. 

Reaction of AgC104 with Cr(II)/SiO, 

With water as solvent, the anion was 
immediately reduced, and this was the 

only observable reaction: it occurred at 
least in part homogeneously, since the 
Cr(II)-O-Si/ bonds were hydrolytically 
cleaved. The resulting catalyst was still 
slightly sensitive to oxygen. In the aprotic 
solvents THF and toluene, reduction of the 
anion was a competing side-reaction. Sur- 
prisingly, the EPR spectra exhibited both 
the Cr(II1) and the y-signal, and the latter 
did not increase on exposure to OZ. The X- 
ray diffraction pattern of the resulting olive- 
brown solid matched the most intensive 
reflections of AgC102, AgCl, and Ag,Cr,O,, 
the lines due to the first being much weaker 
than those of the others. AgClO, and AgCl 
are reduction products of AgClO, formed in 
four-electron steps: thus in contrast to the 
one-electron reductions of Pd(I1) and Rh(1) 
in which Cr(I1) is oxidized to Cr(III), in the 
reduction of ClOi- the Cr(I1) is apparently 
oxidized directly to Cr(V1). The insoluble 
Ag,Cr,O, clearly results from the interac- 
tion of AgClO, with surface Cr,O:- ions. 

Physical Characterization of Catalysts 
Containing Rh and Pd 

The black appearance of the solid prod- 
ucts and the observation of the Cr(II1) EPR 
signal are of course only indirect evidence 
of the formation of elementary metal. We 
consider now the information obtained 
from X-ray diffraction (XRD), transmission 
electron microscopy (TEM), and selective 
chemisorption (SC) experiments. Our find- 
ings are summarized in Table 2. 

Positive detection of elementary metal by 
XRD is only possible providing the average 
particle size exceeds about 50 A and the 
metal concentration is above about 1%. 
The absence of detectable lines in the prod- 
ucts of preparations 5, 6, 10, and 11 sug- 
gests that most of the metal was highly 
dispersed in these cases. With TEM we 
estimate that particles smaller than about 
25 A could not be identified with certainty 
against the background of the support. Ex- 
cluding the Cr-free preparations, particles 
were clearly observed only in preparations 
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TABLE 2 

Characterization of Catalysts 

Number X-ray diffraction Particle sizea Selective chemisorption 
by TEM (A) 

Adsorbate rims at P = O/pmol Area/m2 Average 
(mg metal)-’ (g metal)-* size (A) 

1 &” 25-80 (60) - - - - 
2 Ag”, &Cl, AgZCr207 25-70; 150-300 - - - - 
3 AgCl, AgC102, Ag,Cr,O, 80-160 - - - - 
3b Ago - - - - - 
4 - n.d. co 9.90, 9.13 941, 868 5.3, 5.7 
5 - n.d. co 3.78 359 14 
6 - n.d. - - - - 
7 Pd” 70-150c co 3.32 315 16 
8 Pd” 25-150 (70) co 1.51 140 36 
9b Pd” 25-100 (100) co 0.855 77.6 64 

10 - n.d. HZ 0.110 95.4 51 
11 - n.d. H2 0.635, 0.867 53.9, 68.4 90, 71 
12 d 200’ HZ 1.02 88.5 55 
13b Rh” 25-70 (70) HZ 0.44, 0.43 39.3, 38.9 123 

a Size range; predominant size in parentheses. n.d. = no particles detected. 
b Catalysts prereduced in H2 before examination: no. 3,2 h at 410°C; no. 9, 3 h at 360°C; no. 13,2.5 h at 155°C. 
c Very few particles visible. 
d Two very weak reflections observed, attributable to [Rh(CO),CI],, although the d-spacings are not those of 

the most intense lines. 

7 and 8, these being the ones expected to 
have a high ratio of Type II to Type I metal. 
Even when observed, particles were not 
sufficiently numerous for estimation of a 
size distribution, and the size ranges and 
dominant sizes given in Table 2 are only 
approximate: the observable particles may 
only be a small fraction of the total. 

To obtain further information on the par- 
ticle size of the metal, we measured the 
adsorption isotherms for CO on most of the 
Pd catalysts, and for Hz on the Rh catalysts 
(see Table 2). The dangers inherent in doing 
this are, first, that it is necessary to prere- 
duce with H, and then to outgas in order to 
produce a clean surface for chemisorption, 
and this treatment may produce other metal 
particles than those formed in the initial 
redox process, i.e., Type II metal. Second, 
evacuation at 380°C for 1.5 h may cause 
sintering of the metal particles, which it 
was the object of our procedure to avoid. 
Third, it is possible that some chemisorp- 

tion will occur on the Cr(II1) or other Cr 
species also present at the surface. 

A selection of the isotherms is shown in 
Fig. 5. Those for the Cr-free catalysts have 
an acceptably low slope between 10 and 20 
Tort-, and hence the volume adsorbed at 
zero coverage can be estimated quite accu- 
rately. However, this is evidently not so for 
the Cr-containing Rh catalysts, where the 
higher slopes in the region of 10 Torr sug- 
gest that an additional and weaker chemi- 
sorption of H, is occurring, perhaps on the 
Cr centers. Nevertheless by extrapolating 
the tangents at 10 Torr to zero pressure and 
thus deriving values of the monolayer ca- 
pacity rims, reasonable estimates of the 
amounts of chemisorption on the Rh sur- 
face are perhaps obtained. The values for 
the areas and particle sizes given in Table 2 
were derived using H/Rh, = 1 and the 
uniform sphere approximation (7). The iso- 
therms for CO on the Cr-containing Pd 
catalysts had less steep slopes between 10 
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FIG. 5. Adsorption isotherms for (A) CO on Pd-containing samples and (B) H, on Rh-containing 
samples. The numbers refer to the various preparations (see Tables 1 and 2 for details). 

and 20 Torr (Fig. 5), and the values of rims 
can be reliably estimated. The value of 
CO/Pd, appears (8) to vary between unity 
and 0.5 (i.e., from pure linear to pure 
bridged forms) depending on the support 
and perhaps even on the particle size. Since 
trends are of more importance in this work 
than absolute values, we have used CO/Pd, 
= 0.5 throughout, and again the uniform 
sphere model to obtain particle sizes. 

The estimates of Pd particle size given in 
Table 2 support our contention that Type I 
metal formed in the redox process is more 
highly dispersed than the Type II metal 
formed without the help of Cr(II), since the 
particle size decreases almost linearly with 
decreasing Pd : Cr ratio. The monolayer ca- 
pacity of the product of experiment 4 was 
so surprisingly high (almost 10 pmole per 
mg Pd) that the measurement had to be 
repeated, but the second result agreed quite 
closely with the first (see Table 2). The 
significance of particle size diminishes with 
its magnitude, and no real meaning can be 
attached to the derived values of 5.3 and 5.7 
A. The amount of CO expected to be 
chemisorbed if one CO molecule were at- 
tached to every Pd atom is 9.4 pmole per 
mg Pd, a value which is close to the mean of 
the two observations (9.5 pmole mg-l). 
Thus even if the CO were purely bridged 
when adsorbed on this catalyst, we should 
still conclude that the metal is effectively 

100% dispersed either as aggregates or is- 
lands one atom thick, or monatomically 
dispersed. Highly dispersed metal can thus 
apparently withstand the effects of the rig- 
orous outgassing procedure employed. The 
results for the rhodium catalysts (Table 2) 
confirm our suspicion that the extent of the 
redox process is not as large as in the Pd- 
containing preparations. 

Catalytic Activity in Ethane 
Hydrogenolysis 

The activity of selected Pd- and Rh- 
containing catalysts for ethane hydrogenol- 
ysis was briefly examined. This reaction 
was chosen because it is known to be 
structure-sensitive (at least for Rh catalysts 
(9)), and thus the effects of any highly 
dispersed metal present might be easily 
seen. Against the possibility of rapid sinter- 
ing and loss of activity, conversion was 
measured at 10 K intervals during the heat- 
ing period. Results of a typical experiment 
with a Pd catalyst are shown in Fig. 6. The 
most striking feature is the activity maxi- 
mum in the heating period, caused by the 
onset of deactivation before the final tem- 
perature was attained. The results for the 
other Pd and Rh catalysts are shown in 
Figs. 7 and 8; rates were calculated from 
the expression 

r = (F/W)c 
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FIG. 6. Hydrogenolysis of ethane using Pd prepara- 
tion no 6: variation of rate with time. The filled points 
were obtained during the heating period, and the open 
ones at 357.X. 

where F is the flow rate of C,H, in mole h-l, 
W the weight of Pd or Rh in the reactor in g, 
and c the fraction of C,H, converted to 
CH,. Conversion to units of molecules 
cm-* s-l, to facilitate comparison with the 
results of other workers, was performed 
using the areas (or average areas) quoted in 
Table 2. Rates measured during the heating 
periods and plotted in Figs. 6 to 8 have been 
adjusted to the reaction temperatures 
(357.X for Pd and 213.X for Rh) using 
apparent activation energies of, respec- 
tively, 243 and 185 kJ mole-’ determined 
after activities had stabilized (see Table 3). 
The rates of deactivation of the Cr-contain- 
ing Pd catalysts during the earlier part of 
the heating periods were sufficiently low to 
permit derivation of a meaningful activation 
energy from the dependence of conversion 
on temperature, and hence pre-exponential 
factors and rates at an arbitrarily chosen 
temperature of 2Os”C. The results, together 
with those obtained from steady-state mea- 
surements and some literature (9, 10) 
values are presented in Table 3. Comparing 
first our steady-state results with those in 
the literature, the agreement on activation 
energies is very satisfactory: for Pd catalysts 
our steady state rates agree very well with 
Sinfelt’s (10) but our Rh catalysts appear to 
be at least 100 times more active than his 
most active. There is no clear explanation 

for this, since although there is known to be 
a marked specific particle size effect (9), 
our particle sizes are not in the range where 
Sinfelt finds highest activities (12 to 41 A). 

We examine now the non-steady-state 
behavior of our catalysts. The Cr-free Pd 
catalyst (no. 9) was perfectly stable (Fig. 7); 
for the Cr-containing catalysts, the maxi- 
mum activity shown during the heating 
period was inversely related to the Pd : Cr 
ratio and was thus approximately propor- 
tional to metal area (see Table 2). The 
extent of activity loss, i.e., the ratio of the 
maximum rate to the rate after 2 to 4 h at 
temperature, was also inversely related to 
the Pd : Cr ratio, and the rates after 2 to 4 h 
on stream were thus inversely related to the 
areas (Fig. 7). We can only speculate on the 
cause of the activity loss, but a likely 
explanation is the formation of toxic carbo- 
naceous deposits about the particles. The 
picture which emerges is that the ultrasmall 
particles (< 15 A) are initially extremely 
active for hydrogenolysis (up to 2.7 de- 
cades more active than Cr-free catalysts). 
There is evidence (11) to show that parti- 
cles of this size become electron-deficient 
through electron transfer to the support, 
and hence partake of some of the character 

I I I I I , 

FIG. 7. Time-dependence of activity of various Pd- 
containing samples for ethane hydrogenolysis. Points 
to the left of the vertical line (zero time) were obtained 
during heating, those to the right at 357.5”C. The 
numbers refer to the preparations listed in Tables 1 
and 2. In this and in Fig. 8, a number of experimental 
points have been omitted for the sake of clarity. 
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FIG. 8. Time-dependence of activity of various Rh- 
containing samples for ethane hydrogenolysis. The 
notes in the legend to Fig. 7 also apply here, except 
that the constant temperature was 213.5”C. 

of the element immediately to the left in the 
Periodic Table: Rh is of course much more 
active than Pd for ethane hydrogenolysis 
(10). In this connection it is of interest that 
the activation energy exhibited by the very 
well-dispersed Pd preparation no. 4 (191 kJ 
mole-‘) is more akin to the values shown 
by the Rh catalysts (-185 kJ mole-‘) than 
by the other less well-dispersed Pd cata- 
lysts (-230-260 kJ mole-‘). Such ultrasmall 
particles, however, contain the seeds of 
their own destruction, for this hyperactivity 
is only short-lived. We have the impression 
that all the Type I metal present is deacti- 

vated in the space of a few hours, and that 
the residual activity is solely due to the 
larger particles of Type II metal. This con- 
clusion follows from the activities of the Pd 
catalysts after 2 to 4 h, which increase in 
proportion to the fraction of Type II metal 
likely to be in them (assuming the Cr-free 
catalyst 9 has only “Type II” metal). We 
cannot of course entirely discount the pos- 
sibility that high initial activity and rapid 
deactivation is directly due to the oxidized 
Cr species present on the surface, or to 
collaboration between them and highly dis- 
persed Pd, but both seem unlikely. We 
have seen no evidence for the formation of 
Pd-Cr alloys or clusters. 

In contrast, the Rh catalysts did not in 
general show maxima in activity in the 
heating period, nor did they hence change 
much in activity after attaining a steady 
temperature (see Fig. 8). The exception is 
catalyst 12, which exhibited a very high 
activity in the heating period; this was the 
only Rh catalyst to show a substantial 
Cr(II1) EPR signal due to the one-electron 
redox reaction Cr(II)/Rh(I) to Cr(III)/ 
Rh(O), and hence may be the only catalyst 
to contain much Type I metal. The surface 
area measurements (Table 2) give some 
support for this view; the other Rh catalysts 
(especially nos. 11 and 13) are rather poorly 
dispersed. 

TABLE 3 

Arrhenius Parameters for CZHfi Hydrogenolysis 

Catalyst E(kJ mole-l) log Aa log P log rmaxe Comments 

0.69% Pd (no. 4) 
1.99% Pd (no. 6) 
1.99% Pd (no. 6) 
7.1% Pd (no. 8) 
2.0% Pd (no. 9) 
10% Pd/SiO,’ 
2.48% Rh (no. 1 I) 
2.92% Rh (no. 13) 
5% Rh/SiO,’ 

191 29.36 8.46 
262 35.68 6.88 
244 32.17 5.47 
231 32.85 8.05 
250b 33.35 5.85 
262 33.57 5.72 
182 33.68 13.68 
187 34.55 13.95 
175 31.76 Il.56 

13.41 
13.48 
- 

13.61 
13.34 
- 
- 
- 
- 

Derived from heating period 
Derived from heating period 
After 6 h reaction 
Derived from heating period 
Catalyst in steady state 
Ref. (9) 
After 6 h reaction 
After 4 h reaction 
Ref. (9) 

” Units of A, r, and r,,,, molecules cm-’ SK’; r calculated at 205°C. 
b Value assumed to calculate r at 205°C. 
c Rates measured with P,,,, = 0.03 atm, P,, = 0.2 atm. 
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An Ag catalyst (no. 3) did not show any 
activity for ethane hydrogenolysis at tem- 
peratures up to 410°C. 

CONCLUSION 

Evidence has been presented to show 
that an electron-transfer reaction can oc- 
cur between coordinatively unsaturated 
Cr(I1) ions on the surface of SiO, and 
PdCl&PhCN), in nonhydroxylic solvents 
and in the absence of air to give atomically 
dispersed Pd, although the reaction is only 
stoichiometric when the Pd: Cr ratio is 
sufficiently low, and side-reactions leading 
to less well dispersed Pd also take place. 
Very highly dispersed Pd is extremely ac- 
tive for ethane hydrogenolysis, but the ac- 
tivity is unstable. The reaction of Cr(I1) 
ions with [Rh(CO),Cl], takes place less 
readily. 
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