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Abstract 

A bimetallic SiO,-supported RhCo, cluster catalyst derived from Rh,(CO),, and Co&CO), by coimpregnation followed 
by decarbonylation under H, at 623 K has been probed by atmospheric ethylene hydroformylation at 423 K. The catalytic 
behavior is consistent with that of RhCoJSiO, derived from RhCo,(CO),2. At the same time, the corresponding binary 
catalysts prepared from inorganic rhodium and cobalt salts exhibit much lower activities than RhCoJSiO, and significantly 
enhanced activities compared to monometallic catalysts. The results suggest that the increase in catalytic activity by 
combination of rhodium and cobalt is attributed to the bimetallic catalysis by RhCo, clusters regardless of the synergistic 
catalysis by monometallic rhodium and cobalt sites. 0 1997 Elsevier Science B.V. 

Kevwmds: Silica-supported RhCo,; Rh,(C0),2; Co?(CO),; Coimpregnation: Hydroformylation 

1. Introduction 

For most of the heterogeneously catalyzed 
reactions, the enhancement of reaction rates by 
a combination of two different metals relative to 
the catalysis by one of the metals is probably 
ascribed to the bimetallic effect [ 1,2]. It is docu- 
mented that many binary supported metallic 
catalysts which show considerably increased hy- 
droformylation activity compared to 
monometallic catalysts virtually have the nature 
of bimetallic particles or bimetallic clusters [3- 
12]. In our recent studies, we discovered that the 
bimetallic carbonyl cluster RhCo,(CO),, favor- 
ably gives the bimetallic RhCo, cluster on the 
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SiO, surface after thermal decarbonylation un- 
der H 2 or under 02, which brings about a 
20-fold enhanced rate of formation of oxy- 
genates in ethylene hydroformylation with re- 
spect to a monometallic catalyst Rh/SiO, [ ll- 
131. IR spectroscopic evidence has been af- 
forded that RhCo,(C0),JSi02 is readily re- 
generated from RhCo, under catalytic condi- 
tions and is responsible for the strong catalysis 
[I I]. Therefore, it appears likely that the in- 
crease in catalytic activity for hydroformylation 
depends on the content of bimetallic RhCo, 
clusters present on the surface in a binary sup- 
ported rhodium and cobalt system. In the pre- 
sent paper, we report a similar observation con- 
cerning excellent catalytic performances in ethy- 
lene hydroformylation over a SiO,-supported 
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catalyst derived from Rh,(CO)l, and Co,(CO)s 
by coimpregnation, which suggests the same 
bimetallic effect. The catalytic data may be 
associated with the formation of bimetallic 
RhCo, clusters from the two monometallic clus- 
ters on SiO,, by comparison with the catalytic 
behaviors of SiO,-supported catalysts derived 
from Rh,(CO),,, RhCo,(CO),,, [RhCl, + 
Co,(CO>,] and [RhCl, + Co(NO,),], etc. 

2. Experimental 

RhCl, . nH,O, Co(NO,), . 6H,O and 
Co,(CO)s were purchased commercially. 
Rh,(co),, and RhCo,(CO),, were synthesized 
according to literature [ 14,151. SiO, was a silica 
‘Aerosil’ supplied by Degussa with a surface 
area of 380 m2/g. n-hexane used as the solvent 
was distilled over P205 and stored under Ar 
over activated 5 A molecular sieves. The gases 
H,, CO, C,H, and Ar had a purity of 99.99%. 
Before introduction into a sample vessel and a 
reactor, they were further purified by passage 
through traps of activated 5 A molecular sieves 
and Mn/MnO. 

The carbonyl clusters Rh,(CO),,, Co,(CO), 
and RhCo,(CO),, were employed to prepare a 
series of catalysts such as Rh,(CO),,/SiO, [16], 
Co,(CO),,/SiO, [171, [Rh,(C0),6 + 
Co,(CO),,l/SQ and RhCo,(CO),,/SiO,. 
SiO, (60-80 mesh granule) was predehydroxyl- 
ated under vacuum at 673 K for 5 h and impreg- 
nated or coimpregnated with the carbonyl clus- 
ters in dry n-hexane under Ar. The impregnated 
systems were subjected to 2 h of stirring. The 
solvent was removed by evacuation and the 
resulting solid samples were dried under vac- 
uum at 1.3 X 10d3 kPa for 1 h. For preparing a 
binary SiO,-supported catalyst from RhCl, and 
Co,(CO),, SiO, was first impregnated with an 
aqueous solution of RhCl, . nH,O followed by 
drying and calcination in air at 673 K for 5 h. 
Then the resulting sample was impregnated with 
a n-hexane solution of Co,(CO), followed by 
stirring and removal of the solvent. For prepar- 

ing a conventional supported catalyst, SiO, was 
directly impregnated with an aqueous solution 
of RhCl, . nH,O or of [RhCl, . nH,O + 
Co(NO,), . 6H,O] followed by drying and cal- 
cination in air at 673 K for 5 h. Such oxidative 
calcination is believed to lead to a partial con- 
version of RhCl, to Rh,O, [18] and a total 
conversion of Co(NO,), to Co,O, [19,20]. All 
rhodium catalyst precursors prepared contained 
1% Rh. The loading of cobalt in related cata- 
lysts was 1.7% at an atomic ratio of Co:Rh = 
3: 1. The catalyst precursors containing carbonyl 
clusters were transferred to the reactor under Ar 
prior to catalytic tests. 

Hydroformylation of ethylene was conducted 
under atmospheric pressure at 423 K in a glass 
tubing flow reactor (i.d. = 7 mm) where 0.1 g of 
catalyst precursor was charged. The catalyst 
precursors were treated in flowing H, at 623 K 
for 2 h and subsequently H, was replaced by a 
mixture of C,H,, CO and H, (20:20:20 
ml/min) at 443-473 K. Studies of temperature 
programmed reduction (TPR) have demon- 
strated that Rh,O, (or RhCl,) and Co,O, are 
sufficiently completely reduced to Rho and Coo 
at temperatures of 473 K [21,22] and 623 K 
[22-241, respectively. The total conversion of 
C,H, was inferior to 15%. Data were taken 7 h 
after the initiation of reaction. Both hydrocar- 
bon and oxygenated products were analyzed on 
line with gas chromatography, using a 2 m 
length column of Porapak R and a flame ioniza- 
tion detector. 

The metal contents of the samples studied 
were determined by X-ray fluorescence spec- 
troscopy. 

3. Results and discussion 

Table 1 summarizes the catalytic results of 
all the SiO,-supported catalysts studied in ethy- 
lene hydroformylation under atmospheric pres- 
sure at 423 K. The monometallic rhodium cata- 
lysts derived from both Rh,(CO),, and RhCl, 
presented lower activities and selectivities for 
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the formation of propanal with no production of 
propanol. The monometallic cobalt catalyst de- 
rived from Co,(CO), exhibited undetectable ac- 
tivities for both hydroformylation and hydro- 
genation under the same conditions. In contrast, 
the RhCo,(CO),,-derived catalyst exhibited an 
incomparable catalytic performance in activity: 
the activity to oxygenates was increased by 20 
times relative to the Rh,(CO),,-derived 
monometallic catalyst. Moreover it also exhib- 
ited an improved selectivity to oxygenates by 
30%. The results are due to the bimetallic effect 
of RhCo, as we have concluded by spectro- 
scopic and catalytic studies [ 111. When a binary 
catalyst was obtained from Rh,(CO)i, and 
Co&CO), by coimpregnation followed by de- 
carbonylation under the same conditions, its 
catalytic behavior was quite similar to that of 
the RhCo,/SiO, catalyst: after 7 h of reaction, 
the activities to oxygenates and to ethane were 
6.10 and 3.32 mol/Rh mol/min respectively, 
which are close to those of RhCo,/SiO, so that 
the selectivity to each product is much the same 
as that of RhCo,/SiO,, as shown in Table 1; 
after prolonged reaction, the catalyst was quite 
stable as shown in Fig. 1 and the activities are 
compatible with those of RhCo,/SiO, [ll] for 
the formations of both oxygenates and ethane 
within an experimental error. The catalytic re- 

lo1 C$-k$HO+n-C3H70H 
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Fig. I. Dynamic atmospheric ethylene hydroformylation 
(C,H,:CO:H, = 20:20:20 ml/mitt) at 423 K over a catalyst by 2 
h of decarbonylation of [Rh,(CO),, +Co,(CO),a]/SiO, (1% Rh 
loading, Co:Rh = 3:1 atomic ratio) under Hz at 623 K. 

sults suggest that the coimpregnated catalyst 
possesses the bimetallic property rather than the 
binary monometallic property and probably in- 
volves the same bimetallic RhCo, clusters. 

To put in evidence the existence of bimetallic 
RhCo, clusters in the coimpregnated catalyst, 
we performed an oxidative processing on the 
catalyst and investigated the catalytic properties 
of the catalyst thus treated. After 7 h of normal 

Table 1 
Catalytic properties of SiO,-supported catalysts a in atmospheric ethylene hydrofotmylation (C,H,:CO:H, = 20:20:20 ml/min) at 423 K 

Starting material Co:Rh (atomic ratio) Activity b Selectivity (mol%) 

CzH, oxygenates ’ oxygenates n-C,H70H 

Co,(CO), 0 0 - 

Rh,(CO),, 0.62 0.3 1 34 0 
RhCl, 0.39 0.28 41 0 
RhCo,(CO),> 3.63 6.56 64 6 
Rh,(CO),2 + Co,(CO), 3:1 3.32 6.10 65 9 
[Rh,(CO),, + Co,(CO),l d 3:1 2.16 4.69 69 5 
RhCI, + CoatCO), 3:1 0.88 1.40 61 8 
RhCl, + Co(NO,), 3:l 0.35 0.96 74 9 

a With 1% Rh and 1.7% Co loadings. 
b Expressed by (mol/Co mol/min) for Co/SiO, and (mol/Rh mol/min) for Rh/SiO, and RI-containing catalysts. Data were taken 7 h 
after the initiation of reaction, 
’ C,H,CHO + n-C,H,OH. 
d The catalyst was treated under 0, at 623 K for 2 h and flushed with Ar at 623 K for I h after 7 h of normal catalytic test, data were taken 
I .5 h after the initiation of reaction. 
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catalytic test, the catalyst was flushed with Ar at 
423 K for 1 h and then Ar was replaced by 0, 
at 423 K. The catalyst was oxidatively treated in 
flowing 0, at 623 K for 2 h and flushed with 
Ar at 623 K for 1 h. Finally Ar was replaced by 
the reaction gas mixture at 423 K to start the 
reaction. After 1.5 h of reaction, the activities to 
oxygenates and to ethane were 4.69 and 2.16 
mol/Rh mol/min respectively, which are still 
appreciably high. Moreover there was no signif- 
icant difference in product selectivity compared 
to the initial catalyst. These observed activities 
are certainly not attributed to the catalysis by 
monometallic rhodium particles, Rh+ and 
Rh,O, (or RhCl,), etc. supported on SiO,. In a 
very recent work, we demonstrated the preser- 
vation of bimetallic RhCo, clusters derived from 
RhCo,(CO),,/SiO, by decarbonylation under 
0, at 623 K by hydroformylation probing; we 
also illustrated the oxidation of a binary SiO,- 
supported rhodium and cobalt system derived 
from Rh,(CO),, and Co,(CO), after decarbony- 
lation under 0, at 623 K, which resulted in 
almost no catalytic activity for ethylene hydro- 
formylation. Consistent with the stability of 
bimetallic RhCo, cluster in RhCo,(CO)JSiO, 
under 0, at high temperatures, the catalytic 
behavior of the coimpregnated catalyst follow- 
ing thermal treatment under 0, in the present 
case suggests that bimetallic RhCo, clusters are 
effectively formed from [Rh,(CO),, + 
Co,(CO),,]/SiO, (Co:Rh = 3: 1 atomic ratio) 
by decarbonylation under H, at 623 K and can 
be retained intact on the SiO, surface without 
oxidative decomposition during oxidative treat- 
ment under 0, at 623 K. It is necessary to 
mention that monometallic rhodium and cobalt 
particles, if produced by thermal decarbonyla- 
tion of supported monometallic clusters under 
H, can be fully oxidized to Rh+, Rh,O, and 
Co,O, on SiO, upon treatment under 0, at 623 
K [lg-211 and that the resulting monometallic 
rhodium and cobalt oxides are impossibly trans- 
formed to bimetallic Rh-Co particles under a 
Hz-containing hydroformylation atmosphere at 
423 K, as indicated by our another study [ 121. 

Following oxidative processing, the systematic 
slight decrease in the activities to oxygenates 
and to ethane may result from the sintering of 
RhCo, on the surface caused by additional heat- 
ing at a high temperature. 

The above catalytic data provide cardinal evi- 
dence for the presence of bimetallic RhCo, 
clusters on the SiO, surface in the coimpreg- 
nated system. On the other hand, the synergistic 
catalysis by two heteronuclear monometallic 
sites with the mechanism of dinuclear elimina- 
tion toward hydroformylation especially hetero- 
geneous hydroformylation is poorly understood. 
Previous findings regarding the remarkable en- 
hancement of catalytic activity in hydroformyla- 
tion by combination of various noble metals 
with cobalt with respect to monometallic cata- 
lysts [25-311, led us to verify the possible syn- 
ergistic effect resulting in strongly increased 
hydroformylation activity with monometallic 
rhodium and cobalt sites on SiO,. 

Apart from coimpregnation with Rh,(CO),, 
and Co,(CO),, we adopted alternative combina- 
tions such as [RhCl, + Co&CO),] and [RhCl, 
+ Co(NO,),] as starting materials in the prepa- 
ration of binary SiO,-supported catalysts with 
the equivalent composition. As shown in Table 
1, interesting observations were made: 

First, the RhCl,-derived Rh/SiO, catalyst 
had comparable activity and relatively good se- 
lectivity for ethylene hydroformylation to the 
Rh,(CO),,-derived Rh/SiO, catalyst. 

Second, addition of cobalt to the RhCl,-de- 
rived Rh/SiO, led to obvious increases in ac- 
tivity and selectivity toward hydroformylation, 
showing significantly the promoting effects of 
cobalt on the catalysis. 

Third, RhCl, was not able to play the same 
role as Rh&CO),, in the enhancement of hydro- 
formylation activity by combination with 
Co,(CO), although the hydroformylation activ- 
ity of the corresponding binary catalyst was 4 
times higher than that of the RhCl,-derived 
Rh/SiO, catalyst. 

We thus reckon that the catalytic behavior of 
a Co&CO&-derived binary rhodium and cobalt 



L. Huang/ Journal of Molecular Catalysis A: Chemical 125 flYY7) 47-52 51 

system would not rely to appreciable extent on 
the choice of rhodium precursors if the synergis- 
tic hydrogenolysis step forming propanal via 
dinuclear reductive elimination occurred be- 
tween a cobalt acyl and rhodium hydride. It is 
generally difficult to prepare highly active 
metallic catalysts from inorganic salts. It has 
long been known that both monometallic and 
binary supported catalysts derived from 
organometallic complexes are of great advan- 
tage over those prepared from inorganic com- 
pounds for many reactions. The observed appar- 
ent difference in catalytic activity due to the 
different precursors in the present work suggests 
that the hydroformylation activity of a binary 
rhodium and cobalt catalyst depends on the 
degree of formation of bimetallic RhCo, clus- 
ters on SiO,. The formation of RhCo, seems to 
be remarkably influenced by the use of precur- 
sors. The combination of the carbonyl clusters 
Rh,(C0)r2 and Co&CO), may be the best, 
which favorably yields RhCo, clusters on the 
surface by thermal decarbonylation under Hz, 
whereas the use of the inorganic salts RhCl, 
and Co(N0,12 results in the formation of RhCo, 
clusters on the surface only to a very small 
extent. In this regard, a detailed spectroscopic 
characterization on the formation of RhCo, 
clusters from different rhodium and cobalt pre- 
cursors for hydroformylation catalysts is now in 
progress. 

In the current work, the chlorine-containing 
inorganic compound RhCl, was used as a pre- 
cursor instead of Rh(NO,), to prepare a 
Rh/SiO, and some (Rh + Co)/SiO, catalysts. 
The presence of chlorine in Rh/SiO, catalysts 
is known to exert an important detrimental in- 
fluence on the catalytic properties toward oxy- 
genated products from CO hydrogenation and 
olefin hydroformylation [32,33]. According to a 
recent study of Gloor et al. by EXAFS, a 
Rh/SiO, catalyst prepared from 
[Rh(NH7),Cl]C1, via calcination and reduction 
at 673 K is still not free of chlorine yet and the 
remaining chlorine atoms are in contact with Rh 
atoms [18]. Similarly, not all chlorine atoms 

could be removed despite that our catalysts 
prepared from RhCl, have undergone calcina- 
tion at 673 for 5 h and reduction at 623 K for 2 
h. However, this vestige of chlorine seems to 
play a negligible role in diminishing the hydro- 
formylation activity of Rh/SiO,, by compari- 
son of the catalytic results of the catalysts de- 
rived from Rh,(CO),, and prepared from RhCl, 
in Table 1. Also these two catalysts have much 
the same dispersion of metallic rhodium parti- 
cles on SiO, [34]. When Rh,(C0),2 was chosen 
in place of RhCl, to make [Rh,(C0)r2 + 
Co(NO,),)/SiO,, the resulting catalyst only 
exhibited a very slight increase in hydroformy- 
lation activity compared to the [RhCl, + 
Co(NO,),]-derived catalyst [35]. In addition, we 
observed that coimpregnation of chlorine-con- 
taining [Rh(CO),Cl], and Co,(CO), on SiO, 
followed by reduction at 623 K led to equiva- 
lent excellent catalytic performances to those of 
the bimetallic catalyst RhCo,/SiO, derived 
from RhCo,(CO),, [35]. There was no negative 
effect on both the activity and the selectivity of 
RhCo,/SiOz in ethylene hydroformylation by 
use of [Rh(CO),Cl],. These findings could al- 
low us to account for the nature and signifi- 
cance of the enhanced hydroformylation activi- 
ties to different extent over the binary rhodium 
and cobalt catalysts studied. The different be- 
haviors of metal carbonyls and metal salts on 
the surfaces with respect to the formation of 
supported bimetallic catalysts, are far from be- 
ing understood and deserve to be explored. 

In summary, this work has shown a success- 
ful preparative approach to bimetallic supported 
RhCo, cluster catalysts from monometallic car- 
bony1 clusters by coimpregnation, based on the 
similarity of the catalytic properties in ethylene 
hydroformylation with those of the 
RhCo,(CO),,-derived RhCo,/SiO, catalyst. 
The observed considerably high catalytic activi- 
ties suggest that bimetallic RhCo, clusters can 
be effectively obtained from monometallic 
rhodium and cobalt carbonyls as well as from 
RhCo,(C0)r2 on SiO, by thermal decarbonyla- 
tion under Hz. Up to date, there is no success 



52 L. Huung/ Journal of Molecular Catalysis A: Chemical 125 (1997) 47-52 

which appears concerning the production of a 
bimetallic cluster from two monometallic clus- 
ters on inorganic surfaces. By contrast, although 
binary SiO,-supported catalysts prepared from 
inorganic rhodium and cobalt salts display sig- 
nificantly increased activity and improved selec- 
tivity compared to monometallic catalysts, the 
activity is much lower than that of the coim- 
pregnated catalyst. This appears highly related 
to the slight formation of RhCo, in binary 
catalysts prepared from inorganic salts. The ob- 
tained catalytic results suggest that the enhance- 
ment in activity in hydroformylation relative to 
monometallic catalysts is ascribed to the 
bimetallic catalysis by RhCo, clusters rather 
than to the synergistic catalysis via dinuclear 
elimination by monometallic rhodium and cobalt 
sites. 
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