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The catalytic performance in CO hydrogenation over Ru, Ru-Co, and Co carbonyl cluster- 
derived catalysts has been investigated, and it was found that the activity and selectivity for 
oxygenated products on a series of Ru-Co/SiO 2 catalysts are much higher than those on Ru3/SiO 2 
and CoJSiO 2 catalysts. The mechanism of oxygenated formation on these Ru-Co/SiO2 catalysts 
has been investigated by in situ infrared, mass, and X-ray photoelectron spectroscopies. The IR 
spectra of reaction of CO + H 2 with Ru-Co/SiO 2 catalysts show a band appearing at 1584 cm-~, 
which has a good relationship to the activity and selectivity for oxygenates in CO hydrogenation. 
The adsorption of CO on reduced Ru-Co/SiO 2 catalysts prepared from Ru-Co bimetallic carbonyl 
clusters exhibits a band at 1680 cm -I shifting to 1640 cm -I with I3CO, which is assigned to the C- 
and O-ended CO chemisorbed on Ru-Co/SiO 2 catalysts. The chemical trapping of 1584 cm -I 
adspecies shows that the 1584 cm -~ species reacts with H 2 to produce CH 4 and CH3OH, and the 
addition of D 2 to 1584 cm -t species results in the formation of CHD 3 and CHD2OD. With the 
increase of reaction time and temperature, we find the bands at 1555 and 1440-1470 c m - I  while 
the 1584 cm -1 band gradually decreases on Ru-Co/SiO 2 catalysts. XPS spectra demonstrate that 
the Ru and Co sites on the surface of Ru-Co/SiO 2 catalysts are in the chemical state of Ru ° and 
Co 2÷, respectively, and it is suggested that the bimetallic Ru°-Co 2÷ sites are very active centers 
for the formation of oxygenates in CO hydrogenation. Considering the product distribution at 
various reaction temperatures, it is suggested that the 1584 and 1555 cm- 1 species possibly assigned 
to formyl and acyl are precursors to methanol and higher C2-oxygenates, respectively, and the 1584 
cm -~ species can be converted into 1555 cm -1 species by reaction with an alkyl group. © 1992 
Academic Press, Inc. 

INTRODUCTION 

The chemical modification of solid sur- 
faces, e.g., MgO, SIO2, and SIO2-A1203 and 
zeolites by using organometallic carbonyl 
clusters as precursors has been a subject 
of recent interest (1-3, 5). The supported 
clusters provide highly dispersed metal par- 
ticles in a uniform size distribution, with a 
discrete metal composition of the precursor 
bimetallic clusters. These catalysts exhibit 
good catalytic performance in CO hydroge- 
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nation and offer higher activities and selec- 
tivities, compared with the conventional 
catalysts prepared by coimpregnation and 
ion exchange of metal salts (1-4). It has 
been previously reported that the CO hydro- 
genation over transition metal catalysts pro- 
duces a variety of compounds such as hy- 
drocarbons, alcohols, aldehydes, and acids, 
and some electropositive ions such as Mn, 
Ti, Zr, Nb, and Fe promote the production 
of oxygenates such as aldehydes and alco- 
hols in CO hydrogenation catalyzed on Rh 
and Pd (6-8). As a localized model for the 
promotion of Rh and Pd, tailored metal cata- 
lysts have been prepared from SiO2-su p- 
ported Rh-Fe  (9-10) and Pd-Fe  (11) bime- 
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tallic carbonyl clusters, and it has been 
demonstrated that they provide higher ac- 
tivities and improved selectivities for C~ and 
C2 alcohols from CO + Hz reaction com- 
pared with those from the homometallic 
cluster-derived catalyst and even those of 
the conventional bimetallic catalysts. 

On the other hand, the mechanism of hy- 
drocarbon and oxygenate formation in CO 
hydrogenation has been widely investigated 
in the past decades (12-22). These results 
strongly suggest that the surface carbon 
formed by the dissociation of CO is an inter- 
mediate for hydrocarbon formation (12-16) 
and that the formation of oxygenates in- 
volves the insertion of CO into adsorbed 
species such as methyl and carbene (17-22). 
Notably, several intermediates for forming 
oxygenates have been proposed, such as 
formate (23-29), carbonate (18), acetyl (19, 
20), and acetate (17, 19, 20). 

In the present study, we prepared a series 
of Ru-Co bimetallic catalysts using SiO2 im- 
pregnated with a series of Ru-Co bimetallic 
carbonyl clusters, and we studied the activ- 
ity and selectivity in CO hydrogenation 
(30-34). The mechanism of formation of ox- 
ygenates from CO hydrogenation has been 
studied through reaction kinetics, infrared 
spectra of adsorbed species, isotopic trac- 
ers, and X-ray photoelectron spectroscopy. 
It is found that two adspecies having IR 
bands at 1584 and 1555 cm- J are very active 
in producing methanol and higher C2-oxy- 
genates, respectively. 

EXPERIMENTAL 

Materials and Catalyst Preparation 

Various gases such as H2, CO, 02, N2, 
and CO + H 2, with purities >99.999%, were 
supplied by Takachiho Trading Co. Isotopic 
labeled gases of 13CO (purity 99.3%) and D2 
(purity 99.9%) were purchased from MSD 
Isotopes. The aldehydes and alcohols were 
purified by outgassing and vacuum distilla- 
tion from a dry ice-methanol cold trap to a 
liquid nitrogen cold trap. 

All manipulations were performed in an 
inert atmosphere by the use of a glove 

box for catalyst preparation. Clusters such 
as [Et4N][HRu3(CO)H], H3Ru3Co(CO)I2, 
RuC02(CO)ll, HRuC03(CO)12, and RU 3 
Co3C(CO)14 were synthesized according to 
the literature (35-38). Each cluster-derived 
catalyst was prepared by impregnation of 
SiO 2 (Davison GR-10303, surface area 330 
m2/g) with a solution of cluster in dry ace- 
tone. Each catalyst contained about 3 wt% 
Ru for IR characterization and 1 wt% Ru 
for CO hydrogenation and with Ru content 
controlled by use of the appropriate amount 
of the cluster in the slurry. Prior to use, the 
SiO2 was pretreated in flowing oxygen at 573 
K overnight and then evacuated at 573 K for 
2 h. In a typical run, 240 mg (or 80 mg) of 
H3Ru3Co(CO)I 2 in 100 ml of acetone was 
brought in contact with 3.3 g of SiO2. After 
being stirred for 2 h the solvent was evapo- 
rated from the slurry under vacuum. The 
solid was oxidized in Oz flow (1 × 105 Pa, 
40 ml/min) at 423 K for 2 h in a glass tube, 
followed by reduction in a H2 flow (1 × 105 
Pa, 40 ml/min) at the programmed tempera- 
tures 293 to 573 K and 573 K for 2 h. 

CO Hydrogenation 

The CO hydrogenation reaction was car- 
ried out at 423-523 K with a continuous- 
flow stainless-steel microreactor, where 1 
g of the catalyst (Ru loading 1 wt%) was 
charged. A gas mixture of CO and Hz (CO/ 
H2 = 1/2, 5 × 105 Pa) was introduced into 
the reactor at a flow rate of 40 ml/min and a 
space velocity of 444 h-  ~. Oxygenated prod- 
ucts were collected in a water trap (50 ml of 
HzO) by bubbling the effluent gas through it 
and analyzed by GC-8AIF gas chromatogra- 
phy with a flame ionization detector. CO, 
CO2, and hydrocarbons were separated by 
using Shimadzu GC-8AIF gas chromatogra- 
phy with a thermal conductivity detector. In 
gas chromatography, concentrations of the 
products were calculated with an intergator 
(Shimadzu Chromatopac CR-3A). 

Infrared Spectroscopy (IR) 

Each catalyst (Ru loading 3 wt%) was 
pressed into a self-supporting disk (15 mm 
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T A B L E  1 

CO Hydrogena t ion  on SiO2-Supported Ru, R u - C o ,  and Co Carbonyl  Cluster-Derived Catalys ts  a 

Precursor  T OF  (mmol/mol(Ru)min)  Selectivity (%) 

Co /Ru  CO(%) Hydrocar .  Oxy. C02 O x y P  M e O W  Higher  
oxyf l  

[HRu3(CO)u ] - 0.32 21 0.2 - -  1.0 30 
H3Ru3Co(CO)I 2 0.33 2.5 130 18 6.7 12 18 
RuCoz(CO)It 2.0 4.4 220 32 9.4 12 15 
HRuCo3(CO)I 2 3,0 9.8 525 55 33 9.0 21 
RuCI 3 + CoC12 3.0 2.2 124 3.4 4.7 2.6 20 
Co4(CO)12 e - -  0.12 6.0 1.2 - -  17 41 
[HRu3(CO)ld-  

+ Co4(COh2 3.0 1.0 53 2.8 3.0 4.8 19 

70 
82 
85 
79 
80 
59 

81 

CO/H2 = 0.5; flow rate 40 ml/min;  total pressure  5 x 105 Pa. 
b Molar  ratio of  ]£iCi (i = 1-5, oxygenates)/[YiC~(i = 1-5, oxygenates)  + ~;iCi (i = 1-5, 
c Molar ratio of  MeOH/£iC~ (i = 1-5, oxygenates) .  
d Molar ratio of  ~.iC~ (i = 2-5 ,  oxygenates)/~iCi (i = 1-5, oxygenates) .  
e Rate of  formation (mmol/mol(co)min) .  

hydrocarbons)] .  

in diameter and 10-12 mg/cm 2 in weight) 
and the catalyst disk wa s placed in an infra- 
red quartz cell with CaF 2 windows. After 
reduction for 2 h at 573 K in H 2 flow (40 ml/ 
min), the sample disk was cooled to room 
temperature. Then, reaction gases (40 ml/ 
min, 1 x 105, CO/H 2 = 1/2) were introduced 
into the cell, and infrared spectra were mea- 
sured by using a Fourier transform spec- 
trometer (FT-IR 4100, Shimadzu Co.) with a 
resolution of 2 cm-l  in the region 4000-1000 
c m  -1" 

Mass Spectroscopy (MS) 

When the working vacuum of the mass 
spectrometer reached 10-1-10-2 Pa, the gas 
phase was continuously monitored by the 
mass spectrometer (AQ-200, Anelva Co.) 
under various reaction conditions. 

X-ray Photoelectron Spectroscopy (XPS) 

Catalysts (Ru loading 3 wt%) were 
pressed into self-supporting disks (15 mm 
in diameter and 30 mg/cm 2 in weight) and 
placed into the stainless-steel chamber with 
an upper high v a c u u m  (10  - 6  Pa). The Ru 3d 
and Co 3p spectra were measured with V. 
G. ESCALAB Mark II system. An AIKc~ X- 

ray source (hv = 1486.6 ev) was used, and 
the X ray was operated at 14 kV and 20 mA. 
The binding energies were calculated by tak- 
ing the energy of the 2p of silicon atom 
(104.0 eV) as an internal standard. 

R E S U L T S  

Reaction Kinetics and Product 
Distribution 

The catalytic properties of the various 
Ru-Co bimetallic catalysts prepared from 
Ru-Co bimetallic carbonyl clusters in the 
CO + H 2 reaction at 519 K were investi- 
gated, and the results are presented in Table 
1. The activity and selectivity for product 
on various catalysts show a large difference 
depending on the precursors of Ru-Co bi- 
metallic carbonyl clusters. The Ru3/SiO2 
catalyst prepared from [HRu3(COhl] has 
low activity (0.32%) for CO conversion and 
almost does not form oxygenates. Co4/SiO 2 
prepared from a Co4(CO)12 cluster exhibits 
a much lower conversion (0.12%), but the 
selectivity for oxygenates is 16%. On the 
Ru-Co bimetallic catalysts prepared from 
H 3 R u 3 C o ( C O ) I 2 ,  R u C o 2 ( C O ) l l ,  and HRu 
Co3(C0)12 clusters, the CO conversion and 
the rates for oxygenates are substantially 
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FIG. 1. Typical product distribution of  CO hydroge- 
nation in an Ande r son -Schu lz -F lo ry  plot on Ru3Co/ 
SiO 2 prepared from H3Ru3Co(CO)I2 bimetallic carbonyl 
cluster. 

increased. Notably, with an increase in the 
molar ratio Co/Ru in Ru-Co bimetallic clus- 
ters, the activity and selectivity for hydro- 
carbons and oxygenates are highly in- 
creased. The above results indicate that 
atomic Co in Ru-Co bimetallic cluster-de- 
rived catalysts remarkably promotes the 
formation of oxygenates. 

To determine the effect of proximity 
of Ru and Co in the precursor compounds, 
two Ru-Co catalysts were prepared from 
RuC13 + CoC12 and from a mixture of 
monometallic clusters [HRu3(CO)I1]- and 
Co4(CO)12 at the same Co/Ru molar ratio 
of 3.0 as that of HRuCo3(CO)12 showing 
the most activity in total Ru-Co bimetallic 
cluster-derived catalysts. Both catalysts 
give larger rates for hydrocarbons and 
oxygenates than that on Ru3/SiO 2 and 
Co4(COh2, but relative enhancement of the 
rates is much lower than that on Ru 
C o 3 / S i O  2. 

Figure 1 shows a typical hydrocarbon dis- 
tribution of the CO + H 2 reaction in an 
Anderson-Schulz-Flory plot on the Ru3Co/ 
SiO 2 catalyst. The hydrocarbon distribution 
obeys the ASF plots apart from C 2, and the 
rates of oxygenated formation are in good 
agreement with ASF equation from C2 to C5. 
All products in CO + H2 reaction basically 
follow the ASF plots. 

Table 2 presents the temperature depen- 
dency of the Ru3Co/SiO2 catalyst. An obvi- 
ous feature is that hydrocarbon formation 
quickly decreases with the temperature and 
at low temperature the oxygenates mainly 
consist of methanol. Although the selectiv- 
ity for oxygenates in the products decreases 
considerably with increasing reaction tem- 
perature, the selectivity for higher C2-0xy- 

TABLE 2 

Catalytic Performance on R u - C o  Catalyst Prepared from HRuCo3(CO)12 Carbonyl Cluster in CO 
Hydrogenation at Various Temperatures a 

Temp. (K) CO (%) TOF (mmol/mol(Ru)min) Selectivity (%) 

Hydrocar.  Oxy. CO 2 Oxy.~ Higher 
o x y ?  

458 1.3 59 25 1.0 30 59 
498 4.7 234 40 8.5 16 70 
519 9.8 516 53 33 8.9 77 
541 20 1110 64 123 5.1 85 

a CO/H 2 = 0.5; flow rate 40 ml/min; total pressure 5 × 105 Pa. 
b Molar ratio of  YiCi (i = 1-5, oxygenates) / r ; iC i (i = 1-5, hydrocarbons) + EiCi (i = 1-5, oxygenates)].  
c Molar ratio of  ~iC i (i = 2-5,  oxygenates) /~iC i (i = 1-5, oxygenates). 
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FIG. 2. IR spectra of the catalyst after reaction with CO + H2. (A) [HRu3(CO)II] -,  (B) H3Ru3Co(CO)12, 
(C) HRuCo3(CO) I2 carbonyl cluster-derived catalyst reduced for 4 h at 573 K. (a) The reaction of syngas 
for 14 h at 453 K; (b) after a, evacuation for 20 min at room temperature. 

genates increases with the temperature. 
This indicates that the higher C2-oxygenates 
are predominant in the oxygenates  at higher 
temperature. 

IR Spectra of  CO + t12 on Catalyst 

Figure 2 shows the in situ IR spectra of 
the CO + H2 reaction with various catalysts 

in CO hydrogenation at 453 K. Reaction of 
CO + Hz for 10 h at 453 K over Ru3/SiO 2 
catalyst prepared from [HRu3(CO) 1 l]-  gives 
a broad band around 2048 cm 1, with weak 
bands at 3020-2860 c m -  1. After evacuation 
for 20 min at 293 K to remove the gas phase, 
the sample spectrum exhibits broad bands 
at 2000, 1980, and 1880 cm-  1 and two weak 
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T A B L E  3 

T h e  In tens i t i e s  ( A b s o r b a n c e )  o f  I n f r a r e d  Ba nds  at  

2050, 1880, and  1584 c m  - t  a nd  Ra t e s  o f  P r o d u c t  

F o r m a t i o n  in C O  H y d r o g e n a t i o n  on  Ru,  R u - C o  

Ca ta lys t  P r e p a r e d  f r o m  Ru,  and  R u - C o  C a r b o n y l  

Clus te r s  

Precursor Band intensity a TOF of oxygenates 
(mmol/mol(Ru)min) b 

2050 1880 1584 

[HRu3(CO)u]- 0.24 0.018 0 0.79 
H3Ru3Co(CO)I2 0.31 0.038 0.035 9.1 
RuCo2(CO)II 0.33 0.045 0.058 12.8 
HRuCo3(CO) u 0.49 0.079 0.13 34.6 

CO/H 2 = 0.5; 1 kg/cm2; reaction for 10 h; 453 K. 
b CO/H 2 = 0.5, 5 x 105 Pa; 498 K. 

0.15 

=0 

0.10 
,¢ 

_~ 0.05 
RuCo2(CO)l} 

/?iii! IIH3Ru3C°(CO)I2C°)II I I 
0 I0 20 30 40 

T. O. F. (mmol/Ru(rnol)min) 

bands at 2932 and 2860 cm- l .  The broad 
bands at 2000-1980 and 1880 cm -~ are as- 
signed to linear and bridging CO on the Ru 
surface (39, 5), respectively,  and 2930 and 
2860 cm -I are due to the C - H  stretching 
frequencies (40). On the other  hand, for the 
R u - C o  catalysts,  it is very  interesting to 
note that in addition to the bands at 2930, 
2860, 2060, and 1880 cm -~, new bands at 
1584 and 1377 cm-~ are observed.  Table 3 
summarizes the intensity of  these IR bands 
and the rate of  oxygenated formation on var- 
ious R u - C o  bimetallic catalysts. A good lin- 
ear relationship is observed between the 
1584 cm -I band intensity and the rate of  
oxygenate  formation, which indicates that 
the 1584 cm -~ species plays an important 
role in production of  oxygenates ,  as shown 
in Fig. 3. 

It has been seen that the selectivity for 
oxygenates  is influenced by CO conversion. 
At a similar CO conversion,  the selectivity 
for oxygenates  and the 1584 cm -1 band in- 
tensity on various R u - C o  bimetallic car- 
bonyl cluster-derived catalysts are listed in 
Table 4. The selectivity for  oxygenates in- 
creases with an increase in the 1584 cm -1 
intensity, which further illustrates that the 
species responsible for the 1584 cm -1 is a 
precursor  to oxygenates.  

The change in the CO/H2 molar ratio from 
0.5 to 1.0 leads to an increase of  selectivity 
for oxygenates  on R u - C o  bimetallic 

FIG. 3. A c u r v e  o f  the  ra te  o f  f o r m a t i o n  for  o x y g e n -  

a tes  in CO h y d r o g e n a t i o n  v e r s u s  1584 c m - i  b a n d  inten-  

si ty on  v a r i o u s  R u - C o  c a r b o n y l  c l u s t e r - d e r i v e d  ca ta -  

lysts .  

carbonyl-derived catalysts (41). Similarly, 
F T - I R  studies reveal that the 1584 cm -1 
band intensity increases extensively with 
the change of CO/H2 ratio. Plots of  1584 
cm-~ intensity and selectivity for oxygen- 
ates versus CO/H 2 offer two curves,  as 
shown in Fig. 4. We observe that the selec- 
tivity for oxygenates linearly increases with 
1584 cm-~ band intensity. 

Isotopic Effect o f  13C- and D-Labeled CO 
and H 2 

As shown in Fig. 5, the reaction of  

T A B L E  4 

T h e  Se lec t iv i ty  for  O x y g e n a t e s  in C O  H y d r o g e n a t i o n  

and  1584 c m - i  Band  In t ens i t y  ( A b s o r b a n c e )  in IR Spec-  

t ra  on  Var ious  R u - C o  Bimeta l l ic  C a r b o n y l  Clus te r -  

D e r i v e d  Ca ta lys t s  

Precursors Conv. a React. Sel. (%)b for Intensity (A)C 
of CO temp. (K) oxygenates of 1584 cm 1 

[HRu3(CO)I 1] - 0.82 540 4.1 0 
H3Ru3Co(CO)I2 0.71 498 18 0.035 
RuCo2(CO)ll 0.91 498 26 0.058 
HRuCo3(CO)I2 1.3 458 30 0.13 

a Molar ratio of product and reactant based on CO. 
b Molar ratio ofEiCi (i = 1-5, oxygenales)/[EiC~ (i = 1-5, oxygenates) 

+ EiC i (i = 1-5, hydrocarbons)]. 
c Intensity of adspecies on Ru-Co bimetallic carbonyl cluster-derived 

catalysts formed by reaction of syngas for 10 h at 453 K. 
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FIG. 4. Plots of 1584 cm -l intensity and selectivity 
for oxygenates versus molar ratio of CO/H2 in CO 
hydrogenation on HRuCo3(CO)~2 carbonyl cluster- 
derived catalyst. 
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FaG. 5. (A) (a) IR spectra of the reduced Ru 3 
Co3C(COh4 carbonyl cluster-derived catalyst (reduc- 
tion for 2 h at 573 K) after reaction with 100 Torr of 
13CO and 200 Torr of H 2 for 4 h at 453 K, and (b) after 
a, evacuation at 453 K for 20 min. (B) IR spectra of the 
reduced HRuCo3(CO) n carbonyl cluster-derived cata- 
lyst (reduction for 2 h at 573 K) after reaction with 100 
Torr of ~3CO and 200 Torr of hydrogen for 2 h at 
453 K. 
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FIG. 6. IR spectra of the reduced Ru3Co3C(CO)~ 4 

carbonyl cluster-derived catalyst (reduction at 2 h at 
573 K) after reaction with CO + D2. (a) The reaction 
of CO + D 2 for 1 h at 443 K; (b) after a, the evacuation 
for 20 min at 443 K. 

13CO --}- H 2 on RuCo3/SiO2 and Ru3Co/SiO 2 
gives the bands shifted to low wave numbers 
due to isotopic effects (Fig. 5), suggesting 
that the 1584 and 1377 cm -~ bands in Fig. 
2 are closely related to the CO group, in 
comparison with the reaction of CO + Ha. 

The spectrum of D 2 + CO o n  Ru3C03/  

SiO2 provides the bands at 2768, 2032, 1884, 
1681, and 1575 cm -~, as shown in Fig. 6. 
The band at 2768 cm-~ is assigned to the 
stretching frequency of hydroxyl (O-D) 
groups on the SiO2 surface due to the H - D  
exchange reaction, and 2032 and 1884 cm- 
are attributed to linear and bridging CO ad- 
sorption. The 1575 cm -1 is reasonably as- 
signed to shifting from the 1584 cm-~ spe- 
cies in Fig. 2, which indicates that the 1584 
cm-~ species also contains the H atom. In 
general, D 2 instead of H 2 would result in a 
large difference in infrared frequency if the 
1584 cm-1 band were assigned to the C - H  
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at 300-344 K onto the freshly reduced Ru 3 
Co3C(CO)l 4 and HRuCo3(CO)I 2 the two ad- 
sorption bands at 2072 and 2036 cm-~ and 
1960 c m - l  on Ru are observed. Moreover ,  
a low-frequency band appears at 1680 c m -  ~, 
which shifts to 1640 cm-J  with ~3CO on the 
R u - C o  catalysts due to the ~3CO isotope 
effect. The particular CO bands are also ob- 
served at 1680-1684 cm -l  on Ru3Co/SiO 2 
and RuCo2/SiO2 catalysts, but negligibly on 
[HRu3(CO)11]-/SiO 2 and Co4(CO)12 /5 iO2 ,  a s  

well as on the catalysts impregnated from 
RuCl3 + COC12 and [HRu3(CO)ll]- + 
Co4(CO)12. A low-frequency band of  CO oc- 
curred on the conventional Rh-Mn ,  Rh-Ti ,  
and Rh-Zr /S iO 2 catalysts (8, 43), which ac- 
tivate for oxygenate formation in CO hydro- 
genation, where a large reduction of  the CO 
frequency (1730-1620 cm -j) is induced. 
Shriver et al. (44) demonstrate that the stoi- 
chiometric formation of  adducts between 
metal carbonyls such as Fe2(CO)9 and 

FIG. 7. IR spectra of the 13CO + D 2 reaction with 
reduced HRuCo3(CO)I2 carbonyl cluster-derived cata- 
lyst (reduction at 573 K for 4 h). (a) The Jaco + D2 
reaction for 30 min at 453 K; (b) the reaction for 15 h 
at 453 K; (c) after b, evacuation for 20 min at room 
temperature. 

stretching frequency (42). However ,  in our 
case there is a small difference between 1584 
and 1575 cm -~ under CO + H 2 and CO + 
D2, respectively. Therefore, we suggest that 
the 1584 cm-~ species could not be assigned 
to the C - H  bond. 

Exposure of  RuCo3/SiO2 to 13CO + D 2 
adds new features to IR spectra, which ex- 
hibit a further shift for the 1584 c m -  1 species 
due to isotopic effect of  both 13C and D, 
appearing at 1539 c m -  ~, as shown in Fig. 7. 
This demonstrates that the 1584 cm -I spe- 
cies consists of  both H and CO groups. 
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b 
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Wave number { em- i ) 

Adsorption o f  CO on R u - C o / S i O  2 
Catalysts 

As shown in Fig. 8, upon CO admission 

FIG. 8. IR spectra in CO chemisorption at 300-340 
K on reduced Ru3Co3C(CO)I 4 carbonyl cluster-derived 
catalyst (reduction for 2 h at 573 K). (a) 100 Tort of CO 
and (b) 100 Torr of 13CO. 
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FIG. 9. The  proposed  s t ructure  of  two-si te CO activa- 
tion on reduced R u - C o  bimetallic carbonyl  cluster- 
derived catalyst  (reduction for 2 h at 573 K). 

R H 3 ( C O ) I  2 and Lewis acids such as A1C13, 
BF 3, and y-A1203 arises from C- and O- 
bound CO, characteristic of bands at 
1740-1520 cm-~ and that the rate of methyl 
migration, i.e., CO insertion, to form the 
acetyl complex in Mn(CH3)(CO)5 is greatly 
enhanced by the adduct formation with 
A1Br 3 and BF 3. By comparing the FT- IR  
data with the structural model of the bimetal 
cluster-derived catalysts (3, 45, 46) it is con- 
ceivable that the Ru-Co sites in the cata- 
lysts give the two-site CO activation, as in 
Fig. 9. 

Chemical Trapping of  the 1584 cm-1 
Species Formed in CO Hydrogenation 

Shown in Fig. 10a are IR spectra recorded 
after the reaction of CO and H 2 with the H2- 
reduced RuCo3/SiO2 catalyst for 16 h at 453 
K, followed by evacuation to remove the 
gas phase. In this case, there are many ad- 
species on the catalyst surface exhibiting 
2930, 2860, 2060, 1584, 1465, and 1449 cm -1 
bands, respectively. Figures 10b-10f show 
the reaction of surface species with H2 at 
various temperatures. Exposure of the ad- 
species to 200 Torr of H2 at room tempera- 
ture yield no new features in the IR spectra. 
Increasing the temperature to 458 K leads 
to a marked decrease of 1584 and 1463 cm- 1 
bands, and the peak positions are shifted to 
1560 and 1434 cm 1. This suggests that the 
1584 cm J species is much more active than 
the 1560 cm -] species for reaction with H2 
at that temperature. The appearance of the 
C-H  stretching vibration at 3020 cm- l indi- 
cates the formation of methane in the gas 
phase. 

Shown in Fig. I 1 are analyses of the gas 
phase recorded after the reaction of adspe- 
cies with H2 by using mass spectroscopy. 
The mass numbers at 13-16 and 29-32 are 
reasonably assigned to methane and 
methanol. 

The spectra observed after addition of 200 
Torr D 2 to surface adspecies formed by the 
reaction of CO + H 2 with RuCo3/SiO 2 cata- 
lyst for 20 h at 453 K are shown in Fig. 12. 
At low temperature (room temperature to 
423 K) the surface adspecies retain their in- 
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FIG. 10. IR spectra  of  reaction of  H 2 with adspecies  
formed by reaction of  syngas  with reduced RuCo3/SiO z 
catalyst  for 16 h at 453 K (reduction for 2 h at 573 K). 
(a) After  reaction of  syngas  with sample for 16 h at 453 
K, 200 Torr  of  H 2 was introduced into cell sy s t em at 
room temperature;  (b) after a, react ion for 20 min at 
363 K; (c) after b, reaction for 20 min at 423 K; (d) after 
c, reaction for 20 min at 443 K; (e) after d, react ion for 
20 min at 458 K; and (f) after e, evacuat ion for 10 min 
at room temperature .  



OXYGENATE MECHANISM IN CO HYDROGENATION ON Ru-Co/SiO2 215 

, , I , , , I  
I0 12 14 16 18 20~f25 2 29 

I0 12 

0 

I I i / 
31 33 35 

1 ..... I , I I I ,  
14 16 18 2 0 " 2 5  27 29 31 33 35 

MOSS Number (m/e) 

K, a separate peak at 280.4 eV shifted from 
282.6 eV is observed. By contrast, the Co 
3p spectra basically keep their intensity and 
position. Furthermore, the mixture gases of 
CO and Hz (40 ml/min, CO/H 2 = 1/2) are 
exposed to the reduced catalyst for 16 h at 
453 K, and it is also observed that the peak 
position and intensity of Co 2p and Ru 
3(t3/2 are the same as those on the reduced 
catalyst. These results have demonstrated 
that, on either the reduced or the used 
RuCo3/SiO2 catalyst, the Ru and Co sites 

FIG. 11. Mass analysis of products formed by reac- 
tion of surface species in H2 + CO reaction with H2 for 
30 min at 458 K. (a) Background of mass spectroscopy 
(vacuum condition 10 -6 Torr), and (b) the gas phase 
was monitored by mass spectroscopy. 

tensities. An increase of temperature to 443 
K provides the new bands at 2258 and 2928 
cm -1 in IR spectra which are assigned to 
CHD3 (42) in the gas phase. 

Figure 13 gives the product distribution 
for mass number after reaction of adspecies 
with D2, and the two regions at 15-19 and 
30-35 for mass number are observed. Mass 
numbers 15-19 are assigned to CHD 3, and 
the region in 30-35 is assigned to D-labeled 
methanol. Mass number 35 for D-labeled 
methanol is proposed to belong to the two 
possible structures CHDzOD and CD3OH, 
formed by the hydrogenation of the surface 
1584 cm -j group. 

X-ray Photoelectron Spectroscopy 

The Co 3p and Ru 3d spectra of the fresh, 
reduced, and RuCo 3 catalysts were re- 
corded by X-ray photoelectron spectros- 
copy, as shown in Fig. 14. For the fresh 
catalyst, Co 3p]/2 and Co 3p3/2 spectra exhibit 
at 796.8 and 780.8 eV, and the Ru 3d3/2 spec- 
trum gives a very weak shoulder peak at 
282.6 eV due to the overlap of C ls and Ru 
3d, which are consistent with those on the 
compounds of CoO and ruthenium oxide. 
After reduction of the catalyst for 3 h at 573 
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FIG. 12. IR spectra of reaction of D 2 with adspecies 
formed by reaction of syngas with reduced RuCo3/SiO2 
catalyst at 453 K for 16 h (reduction for 2 h at 573 K). 
(a) 100 Torr D2 for 20 rain at room temperature; (b) 
after a, reaction for 20 rain at 373 K; (c) after b, reaction 
for 20 min at 423 K; (d) after c, reaction for 20 min at 
443 K; (e) after d, reaction for 20 min at 473 K; (f) after 
e, reaction for 20 min at 523 K; (g) after f, reaction for 
20 min at 573 K, and (h) after g, evacuation for 20 min 
at room temperature. 
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FIG. 13. Mass analysis of products formed by reac- 
tion of surface species in CO + H2 reaction with D2 for 
30 min at 473 K. (a) Background of mass spectroscopy 
(vacuum condition 10 -6 Torr), and (b) the gas phase 
was monitored by mass spectroscopy. 

are in chemical states Ru ° and Co 2+ , respec- 
tively (47-50). 

Effect of Reaction Time and Temperature 

The time dependency of  the catalyst was 
also investigated by F T - I R  studies, and the 
spectra are shown in Fig. 15. Plots of  infra- 
red adsorbance of various adspecies versus 
reaction time during CO hydrogenation pro- 
vide the curves, given in Fig. 16. At 5 min, 
a very weak band at 1584 cm-1 is observed.  
With an increase of  reaction time from 20 
rain to 12 h, the bands at 1584 and 1377 c m -  
raise intensively, and at 12 h bands that are 
typical for CH 3 and CH2 groups are seen at 
2968, 2930, 2856, and 1465 cm -1. From the 
intensity of  these bands, we suggest that 
adsorbed alkyl groups mainly consist of  the 
- -CH3 group (51). A further increase of re- 
action time up to 16-20 h adds new features 

C•%P3/2 co2p / ~ 780.8 
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FIG. 14. The XPS spectra of Co 3p and Ru 3d recorded at (a) fresh RuCo3/SiO 2 catalyst. (b) The RuCo3/ 
SiO2 was reduced for 2 h at 573 K, and (c) after b, the RuCo3/SiO 2 was exposed to the mixture gases 
of CO and H2 (CO/H2 = 0.5, 40 ml/min) for 16 h at 453 K. 
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FIG. 15. IR spectra of the RuCo3/SiO 2 catalyst after 
reaction with CO + H2 at 453 K at various times: (a) 
5 min, (b) 20 min, (c) 4 h, (d) 12 h, (e) 16 h, and (f) 
20 h. 

to IR spectra which exhibit at 1555 and 1438 
c m  -1. 

Figure 17 shows the spectra of CO + H2 
on RuCo3/SiO2 at 503 K. The spectrum of 
the catalyst after reaction for 20 h in the 
presence of CO and H 2 provides the bands 
at 1562 and 1448 cm-1. Comparing with the 
1584 cm-J species formed at 453 K on the 
same catalyst, it is suggested that the band 
at 1562 cm- J arises from overlapping of 1555 
and 1584 cm -1 and that the 1555 cm -~ spe- 
cies are predominant in the 1562 cm -~ 
bands. 

DISCUSSION 

Catalytic Activity and Selectivity in CO 
Hydrogenation 

The large difference in catalytic perfor- 

mance in CO hydrogenation over the cata- 
lysts impregnated from [HRu3(CO)ll]-, 
C04(CO)~2, and a series of Ru-Co bimetallic 
carbonyl clusters as well as the impregna- 
tion of [HRu3(CO)11]- + C04(CO)12 and 
RuC13 ÷ CoCI 2 are observed in Table 1. 
It is interesting to note that the catalysts 
prepared from a series of Ru-Co bimetallic 
carbonyl cluster exhibit much higher activ- 
ity and selectivity for oxygenated products 
than that on the catalysts prepared from 
monometallic carbonyl cluster such as 
[HRu3(CO)ll]- or C04(CO)12 and even the 
coimpregnation of [HRu3(CO)ll]- and 
Co4(CO)12. These results demonstrate that 
the Ru/Co bimetallic sites formed in the 
Ru-Co bimetallic carbonyl clusters have a 
strong synergy effect in the formation of 
oxygenates from CO hydrogenation, possi- 
bly owing to the site blocking of Ru ensem- 
bles with Co atoms. 

Relationship between IR bands and 
Catalytic Performance 

Figures 2 and 3 and Tables 3 and 4 show 
that there is a good correlation between the 
yields of Ci-Cs-oxygenates, including alco- 
hols and aldehydes in CO hydrogenation, 
and the band intensities at 1584 cm- ~ on the 
catalysts from the different Ru-Co carbonyl 
clusters on SiO:. The particular band 
around 1584 cm-1 could not be observed on 
Ru3/S iO2,  C04/SIO2,  and R u  3 + C 0 4 / S i O  2 
catalysts under the reaction conditions. On 
the other hand, we observe no linear rela- 
tionship between the activity and selectivity 
for oxygenates in CO hydrogenation and the 
intensities of 2020 and 1880 cm I bands 
formed in CO + H2 reaction. These results 
demonstrate that the 1584 cm I species is a 
very active intermediate in the formation of 
oxygenates in CO hydrogenation. More- 
over, increasing the reaction temperature 
or/and reaction time leads to the appearance 
of the 1555 cm -1 band, while the 1584 cm -~ 
species decreases considerably, as shown in 
Figs. 15-17. Therefore, it is suggested that 
the 1584 cm -1 species can be easily con- 
verted into the 1555 cm -~ species by the 
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reaction with surface alkyl groups. On the 
other hand, it has been seen that, by increas- 
ing the reaction temperature for CO hydro- 
genation on Ru-Co/SiO2 catalysts, the activ- 
ity and selectivity for higher Cz-oxygenates 
intensively increases, while for methanol 
the rate considerably decreases, as ob- 
served in Table 2. By the comparison of IR 
spectra and catalytic activity and selectivity 
for oxygenates in CO hydrogenation, we 
reasonably believe that it is likely that meth- 
anol is directly formed by the hydrogenation 
of the 1584 cm ~ species and that the forma- 
tion of higher C2-oxygenates results from 
the hydrogenation of the 1555 cm-~ species. 

Assignment o f  lR Spectra in CO 
Hydrogenation 

The IR spectra in CO hydrogenation ap- 
pear as the bands at 2932, 2860, 2020, 1980, 
1880, 1584, 1430, 1465, and 1377 cm -l. The 

bands at 2932-2860 and 1465-1430 cm -~ 
correspond to the C-H stretching and defor- 
mation frequency, and the bands at 
2080-1980 and 1880 cm -~ are easily as- 
signed to linear and bridging CO on Ru sur- 
face, which are in good agreement with 
other researchers (5, 39, 40, 51). For the 
1584 cm -] band, two possible structures, 
such as formate and formyl species, are sug- 
gested. 

Several IR bands in the range from 1600 
to 1350 cm -1, such as 1590, 1395, and 1375 
cm- 1, are observed for oxide-supported Rh 
and Ru catalysts, exposed to the mixture of 
CO + H 2 and CO 2 + H 2 (23-29), and it was 
suggested that the 1590 and 1375 cm ] bands 
are attributable to the asymmetric and sym- 
metric OCO stretching vibrations of the for- 
mate species and that the 1395 cm-I band 
was assigned to the C-H deformation mode 
of the surface formate, respectively. Fur- 
thermore, the in situ IR spectra showed that 
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FIG. 17. IR spectra  of  the reduced RuCoflSiO2 (re- 
duct ion for 2 h at 573 K) after react ion with CO + H 2 
(CO/H2 = 0.5) for 20 h at 503 K (a) before evacuat ion 
and (b) after evacuat ion for 20 min at room temper-  
ature.  

the adsorption of formic acid on the Rh/ 
A1203 (25) and the R u / A l z O  3 (28) exhibited 
bands of 1585, 1392, and 1375 cm -1, and 
these adspecies were shifted in the presence 
of D 2 to 1583, 1050, and 1345 cm- ~, respec- 
tively. According to the interpretation, the 
1584 and 1377 cm -~ bands formed in CO 
hydrogenation over Ru-Co bimetallic car- 
bonyl cluster-derived catalysts could be as- 
signed to the asymmetric and symmetric 
OCO stretching frequencies of the formate 
species, in which one oxygen atom is sup- 
ported from CO and the other from support, 
as shown in Fig. 18. With the increase of 
reaction temperature, the appearance of the 
1555 cm -l band could be assigned to the 
acetate species, which results from the in- 
teraction between formate and surface alkyl 
groups such as - C H  3. A similar assignment 
has been reported by Tamaru et al. (17) over 
supported Rh catalysts in CO hydrogenation 
below atmospheric pressure. 

On the other hand, we found that the as- 

H 

~ c  o 
i 

- 0  M ~  

M = C o , R u  

FIG. 18. The proposed model  of  formate  species  
formed in CO hydrogenat ion on R u - C o  bimetallic car- 
bonyl cluster-derived catalysts .  

signment of formate species and isotopic ex- 
perimental results is apparently not in har- 
mony. It is observed (Figs. 5-7) that the 
1584 cm -~ bands formed in the mixture 
gases of CO and H 2 at 453 K are shifted to 
1575, 1542, and 1539 cm-l  in the presence 
of CO + D 2, 13CO q'- H2, and ~3CO + D 2 at 
the same reaction temperatures, which are 
different from the literature (26). Therefore, 
the 1584 cm-~ band could not be assigned 
to formate simply. Notably, if the formyl 
species is a model of the 1584 cm-l species, 
it is very interesting to find that the theoreti- 
cal results (42) are the same as the experi- 
mental results, summarized in Table 5. 
Therefore, it is suggested that the 1584 cm- l 

band is possibly assigned to carbonyl fre- 
quency of a surface formyl coordinated to 
transition metal complexes, where the car- 
bon of formyl species is bounded to Ru 
metal and the oxygen atom has an interac- 
tion with promoter cation Co 2 +, as proposed 

T A B L E  5 
Frequencies  of  React ion of  CO + Hz, t3CO + H2, CO 

+ D 2, and 13CO + D2 on R u - C o  Bimetallic Carbonyl  
Cluster-Derived Catalys ts  

Syngas  Hydrocarbon  Carbonyl  
bands (cm -I) bands  (cm -l) 

CO + H z 2930 2880 2064 1584 1376 
CO + D 2 - -  - -  2062 1575 - -  
J3CO + H 2 2924 2848 2016 1542 1345 
13CO + D 2 2208 2096 2104 1539 - -  
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FIG. 19. The proposed model of formyl species 
formed in CO hydrogenation on Ru-Co bimetallic car- 
bonyl cluster-derived catalysts. 

in Fig. 19. In fact, several similar model 
organometallic compounds exhibit carbonyl 
frequency of formyl species in the region 
of 1610-1555 cm-J (52-57). Unfortunately, 
some of the frequencies assigned to charac- 
teristic stretching C-H of formyl species 
lower than 2800 cm ~ are not observed, 
which is possibly due to a small extinction 
coefficient of C-H vibration. The same phe- 
nomenon is found in the model compounds 
(56, 57) and IR studies of CO hydrogenation 
over Rh/SiO2 catalyst (58), where it is only 
shown as the carbonyl frequency of formyl 
species and does not have the bands of 
stretching C-H due to a small extinction 
coefficient of C-H vibration. 

The change of 1377 cm-~ species is also 
observed. The reaction of ~3CO + H2 and 
CO + H 2 on Ru3Co/SiO 2 indicates that the 
1377 cm -~ band is not due to the frequency 
of C-H deformation, and the adspecies also 
contain a CO group. Davis and Bartean (59) 
have studied the adsorption of aldehydes on 
Pd(111) surface and suggested that there are 
two adspecies; one is acetyl at 1565 cm -1 
(CH3C~O) and the other species is charac- 
teristic at 1390 cm-l and is represented by 
-02-acetaldehyde. Possibly, the species at 
1377 cm ~ is assigned to the r/2-formyl 
group. 

It has been proposed that the ~2-formyl 
species could be formed at 453-473 K on 
palladium/zirconia catalysts (60). On the 
other hand, it has been reported that the 
formyl species adsorbed on oxide-sup- 
ported transition metal is unstable. For ex- 
ample, Yates et al. found that HCHO is 
unstable on Rh supported by A1203 and eas- 
ily converts into the formate species even at 

295 K (61), which is in contradistinction to 
the assignment of proposed formyl species 
formed at 453 K in CO hydrogenation over 
Ru-Co bimetallic carbonyl cluster-derived 
catalysts. Generally, the carbonyl stretch- 
ing frequency of the formyl group should 
appear near 1700 cm-1. Here, in our cases 
it is proposed that there is an interaction 
between the oxygen atom of the formyl spe- 
cies and the cobalt ions as the Lewis acidic 
sites. This interaction would reduce the 
bond strength between oxygen and carbon 
atoms in the formyl species and raise the 
stability of formyl species, producing the 
1584 cm- '  band in CO hydrogenation over 
Ru-Co bimetallic carbonyl cluster-derived 
catalysts. 

According to the assignment of formyl 
species for 1584 cm -I, the 1555 and 1438 
cm-~ species formed in CO hydrogenation 
at higher temperature could correspond to 
the carbonyl stretching and C-H deforma- 
tion of acyl species. Such low carbonyl 
stretching frequencies of the acyl group 
have also been observed in HzRu 3 
(CO)9CHCH3CO (62) and Mn(CH3)(CO) 5 
(44), reported by Shriver and co-workers. 

It has been proposed that C-  and 
O-ended CO characteristic of bands at 1680 
cm-~ formed on the Ru-Co bimetallic sites 
of Ru-Co bimetallic carbonyl cluster- 
derived catalysts under CO atmosphere, as 
observed in Fig. 8. After reaction with CO 
and H2, the same catalysts give the bands at 
1584 cm ~, with the disappearance of the 
1680 cm -1 band. In contrast, there is no 
change in the other IR bands such as 2020 
and 1880 cm- ~. Therefore, it is possibly in- 
terpreted that the 1584 cm-~ species arises 
from the interaction of the 1680 cm ~ spe- 
cies and hydrogen. 

The analysis of product distribution in 
Figs. 10-13 shows that the 1584 cm-~ spe- 
cies from CO ÷ U 2 is converted with D 2 
mainly to CHD2OD + CHD 3, which demon- 
strates that the 1584 cm -~ species consists 
of one H atom and one CO group. This result 
is consistent with its assignment to a surface 
formyl species. 
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By the above discussions, it is suggested 
that the formyl is more possible than the 
formate species for the assignment of the 
1584 cm -1 band formed in CO hydrogena- 
tion over Ru-Co bimetallic carbonyl clus- 
ter-derived catalysts. 

CONCLUSION 

The important conclusions of this study 
may be summarized as follows: 

(1) The activity and selectivity for oxy- 
genates in CO hydrogenation on a series of 
Ru-Co bimetallic carbonyl cluster-derived 
catalysts are very high, in contrast to those 
on Ru3/SiO 2 and Co4/SiO 2 catalysts. 

(2) The spectra of the Ru-Co/SiO2 cata- 
lysts after the reaction of CO + H 2 reveal 
that the intensity of a band at 1584 cm-l has 
a good linear relationship with the activity 
and selectivity for oxygenates in CO hydro- 
genation and thus it is proposed that the 1584 
cm- ~ species is an important intermediate in 
production of oxygenates. 

(3) The increase of reaction time and tem- 
perature in CO hydrogenation over Ru-Co/ 
SiO 2 catalysts leads to the appearance of a 
new band at 1555 cm-~, which arises from 
the reaction of the 1584 cm-~ species with 
the surface-adsorbed alkyl group. From a 
comparison of the product distribution at 
various temperatures, it is suggested that 
the 1584 and 1555 cm-~ species are interme- 
diates for methanol and higher C2-oxygen- 
ates, respectively. 

(4) The adsorption of CO on reduced 
Ru-Co/SiO2 catalysts prepared from 
Ru-Co bimetallic carbonyl clusters exhibits 
a band at 1680 cm -~ shifting to 1640 cm -1 
with ~3CO, which is assigned to the C- and 
O-ended chemisorbed on Ru-Co/SiO2 cata- 
lysts. 

(5) The 1584 cm -~ species show two pos- 
sible structures, formate and formyl. The 
reaction of D- and ~3C-labeled CO and H 2 
leads to the assignment of the 1584 cm -~ 
band to the formyl group, the chemical trap- 
ping of 1584 cm- ~ shows that the hydrogena- 
tion of the 1584 cm-J species produces CH 4 
and CH3OH, and the reaction of the 1584 

cm- 1 group with D 2 results in the formation 
of CHD 3 and CHDzOD, in good agreement 
with the formyl model. 
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