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CO hydrogenation towards higher alcohols catalysed on
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Some Ru and Co carbonyl clusters in zeolite pores such as Ru3(CO),,/NaY,
[HRug(CO),q]” /NaY, [Ru6(CO)18]2_ /NaX, Co4(CO),,/NaY and Cos(CO),s/NaY were pre-
pared by the ship-in-bottle technique, and characterized by FTIR and EXAFS. The RuCo bime-
tallic carbonyl cluster was prepared by reductive carbonylation of the oxidized RuCo/NaY,
which provides the proposed assignment to [HRuCo3(CO),,]/NaY. The tailored Ru, RuCo
and Co catalysts were prepared by H, reduction from the precursors, e.g. Ru, RuCo bimetallic
and Co carbonyl clusters impregnated on SiO; and entrapped in NaY and NaX zeolites. The
RuCo bimetallic carbonyl cluster-derived catalysts showed substantially higher activities and
selectivities for oxygenates such as C;—Cs alcohols in CO hydrogenation (CO/H; = 0.33-1.0,
5 bar, 519-543 K). By contrast, hydrocarbons such as methane were preferentially obtained on
the catalysts prepared from Rug, Ru; and Co4 carbonyl clusters and provided lower CO conver-
sion and poor selectivities for oxygenates. The RuCo bimetals are proposed to be associated
with the selective formation of higher alcohols in CO hydrogenation.

Keywords: CO hydrogenation; EXAFS characterization; FTIR characterization; Ru, RuCo
and Co carbonyl clusters in NaY and NaX zeolites

1. Introduction

It has been previously reported that some metal additives, such as Fe, Zn, and
Mo, promote the production of alcohols in CO hydrogenation on modified Rh, Pt,
Ir and Pd catalysts [1,2].

As a localized model for Rh, Ir and Pd bimetal catalysts have been prepared
from SiO,-grafted FeRhy, Fe;Rhy, Felry and FegPdg carbonyl clusters, and it has
been demonstrated that the Fe promoted Rh, Ir and Pd cluster-derived catalysts
provided substantially high activity and selectivity for methanol and ethanol for-
mation in CO hydrogenation [3,4]. EXAFS [5], and °’Fe Méossbauer [6] studies of
the cluster-derived Rh-Fe/SiO; catalysts suggested that this promotion was asso-
ciated with the two-site CO activation to enhance the CO insertion on Rh-Fe3+
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sites localized on the RhFe/SiO; interface. Furthermore, it has been reported
recently [7,8] that the SiO,-supported catalysts prepared from RuCo bimetallic car-
bonyl clusters exhibited higher selectivities towards C;—Cs alcohols in CO hydroge-
nation than those on the uncombined Ru or Co catalysts. Accordingly, in this
work, to obtain more insight into the local structures of RuCo bimetal sites to pro-
mote the higher alcohol formation in CO hydrogenation, attempts have been
made to prepare some Ru, RuCo and Co carbonyl cluster compounds impregnated
on Si0; and occluded inside NaY and NaX zeolites by the “ship-in-bottle” techni-
que [3,9,10]. The intrazeolite mono- and bimetal carbonyl clusters are character-
ized by FTIR and EXAFS spectroscopies. The catalysts derived from RuCo
bimetal carbonyl clusters grafted on SiO; and in NaY zeolites are studied in con-
junction with the promotion of activities and selectivities for C;—Cs alcohol forma-
tionin the CO + H; reaction.

2. Experimental
2.1. PREPARATION OF CATALYSTS

Syntheses of clusters in zeolites and their impregnation onto SiO;, were carried
out using standard Schlenk and needle stock techniques, similarly as reported
previously [6-8]. A series of tailored bimetallic catalysts have been prepared using
silica-grafted bimetal carbonyl cluster compounds such as RusC(CO),,,
[NEt4] [HRU3 (CO)“], RU3C03C(CO)14, [Et4N]2[FC3RU3C(CO)17}, HRUC03 (CO)lz,
[Et4N],[Mo2Ru;3(CO),,), [EtsN],[MnRu;C(CO),4] and [PPN],[Cr,Ru;C(CO),(]
as the metal precursors, which were grafted on amorphous silica (surface area
280 cm? g~!, Davison No. 57).

2.2. SHIP-IN-BOTTLE SYNTHESIS OF Co, Ru AND RuCo CARBONYL CLUSTERS IN
NaY AND NaX ZEOLITES

The samples containing 3.2 wt% Ru were prepared by cation-exchange of NaY
(LZY-52 from TOSO Chem. Co. Si/Al = 5.6) and NaX (Union Showa K.K. 13X,
Si/Al = 2.3) with [Ru(NHj3)]Cl3 aqueous solution at 300 K for 2 days. After filter-
ing and washing in deionized water, the samples were dried at 393 K, and were
exposed to a CO + H; mixture (200/200 Torr) in a closed circulating reactor by
temperature-programmed heating from 300 to 354413 K, resulting in
[HRue(CO),5]” /NaY [I] characteristic of IR carbonyl bands at 2126(w), 2062(vs),
2044(s), and 1975(s) cm™!; and [Ru6(CO)18]2" /NaX [II] (2000(w), 1970(vs),
1743(m) cm™!; 235,285 nm (UV-vis)), respectively. Similarly, the reductive carbo-
nylation of Co,(CO)g/NaY (10 wt% Co) was carried out in a Pyrex-glass reactor
under 300 Torr of CO and 100 Torr of H, at 313 K for 36 h to give Cog(CO),¢/
NaY [III] (vco = 2080(s) and 1716(s) cm™!). Synthesis of the bimetallic RuCo car-
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bonyl clusters was tried by the reductive carbonylation of oxidized [I] combined
with Co,(CO), by flowing a CO + H; mixed gas at 313-393 K. The resulting sam-
ple shows the IR bands at vco = 2080(s), 2056(m), 1972(sh) and 1813(s) cm~!,
and is designated as [IV]. Co4(CO),,/NaY [V] characteristic of the carbonyl bands
at 2126(w), 2078(s) and 1817(m) cm~! was prepared by the immersion of a NaY
pellet into Coz(CO)g under a wet CO atmosphere at 323 K, according to the litera-
ture method [11]. Ru3(CO),, in NaY (4 wt% Ru) designated as Ru3(CO),, was
prepared by vapor deposition at 323-363 K it showed the characteristic IR carbo-
nyl bands (vco = 2124(w), 2068(s), 2028(s) cm™!; diffused reflectance UV-vis,
234,392 nm).

2.3. CATALYST PREPARATION

The cluster-impregnated samples, such as SiO,-grafted and zeolite-encaged
Ru, Co and RuCo carbonyl clusters, were, after removal of the solvents, subjected
to mild oxidation with O, at 423 K for 2 h in a glass-tube, followed by reduction
in H; flow (1 bar, 40 ml/min) at the programmed temperature from 293 to 573 K
for 2 h and 573 K for 2 h. The sample was transferred to a microreactor and
reduced againin H; flowat 573 K for I h prior to introducing syngas for CO hydro-
genation.

2.4. CO HYDROGENATION

The CO hydrogenation reaction was carried out at 422-523 K with a continu-
ous-flow stainless-steel microreactor (18 mm diameter x 300 mm long), where
0.50 g of the Ruy/NaY (Rus/NaX) catalyst (Ru loading 3.2 wt%) or Cos/NaY
(Co 10 wt%) was charged. A gas mixture of CO and H; (CO/H; = 0.33 v/v,
5 x 10° Pa) was introduced into the reactor at a flow rate of 40 ml/min and a space
velocity of 4800 h~!. Oxygenate products, including alcohols and aldehydes, were
collected in a 50 ml water trap by bubbling the effluent gas through it. The products
were analyzed by the thermal conductivity detector (TCD) and flame ionization
detector (FID) of a gas chromatograph (Shimadzu GC-8A) using active carbon,
alumina-N,N-dimethylformamide (DMF 38%, 60-80 mesh), and Squalane col-
umns for CO, CO,, hydrocarbons, and oxygenates, respectively.

2.5. INFRARED AND UV-VIS EXPERIMENTS

The catalysts (Ru and Co loading 3-10 wt%) were pressed into self-supporting
disks (15 mm i.d., 12-20 mg cm™2) and were placed into an infrared cell equipped
with CaF, windows. Infrared and UV-vis spectra were measured under various
conditions using a Fourier transform spectrometer (Shimadzu double beam FTIR -
4100) with a resolution of 2 cm~! and Hitachi-330 spectrophotometer. For the iso-
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tope-labelling experiments '3CO (90% enriched) and D, (99.9%) were purchased
from MSD Isotope Co.

2.6. EXAFS SPECTROSCOPY

The catalysts (Ru and Co loading 3-10 wt%) were pressed into self-supporting
disks (15 mm, i.d., and 30 mg) and pressed into the stainless-steel chamber with an
ultra high vacuum (107% Pa). EXAFS measurements were carried out at SOR
beam line 10B of the Photon Factory in the National Laboratory for High Energy
Physics (KEK-PF) using synchrotron radiation with an electron energy of 25 GeV
at current of 100-250 mA. The EXAFS (extended X-ray absorption fine struc-
ture) spectra were measured at the Ru K edge (22121 eV) and Co K (7710 eV)
using a Si(111) double crystal monochromator. The analyses of EXAFS data were
derived by the Fourier transform curve-fitting method using the computer pro-
gram PROGRAM 2, as described elsewhere [6,9,10].

3. Results and discussion

3.1. FTIR AND EXAFS CHARACTERIZATION OF Ru, Co AND RuCo CARBONYL
CLUSTERS IN NaY AND NaX ZEOLITES

A typical set of infrared spectra resulting from the reductive carbonylation of
[Ru’*(NHj)]/NaX with CO + H; mixture at 300-393 K are shown in fig. 1.
Table 1 summarizes the results of this experiment and the other Ru carbonyl spe-
cies as references. The resulting samples after exposure to CO + H; at 300-353 K
(fig. 1b) gave the bands at 2072, 2000 and 1939 cm~!, which are assigned to
[Ru’(NH;),CO]. Simultaneously, the band at 1356 cm~! due to N-H stretching of
NHj; was greatly diminished, and at the expense of this band a new band appeared
at 1469 cm™! attributed to v4, §(N-H) of NH;} ions, implying that the reaction of
NH; + H,0 proceeds to give NH ions and basic OH in NaX zeolite pores. When
the temperature was raised to 393 K, the spectrum yields two sets of peaks at
(2088, 2014) and (2048, 1952) cm™! (fig. 1c), possibly attributable to Ru!(CO),
and Ru!(CO),, respectively [12]. After a prolonged reaction at 393 K, the inter-
mediate subcarbonyls were eventually converted to the stable carbonyl cluster
characteristic of the carbonyl bands (fig. 1d) at 2000(s), 1970(m), 1743(m) and
1702(w) cm™! (diffuse reflectance UV-vis; Amax = 235, 285 nm). This spectrum
closely resembles that of [PPN],[Rug(CO),s] in dichloromethane (vco = 2000(s),
1986(s), 1930(sh) and 1754(m) cm™!) (UV-vis; 235, 287 nm) [13], except for the
blue shift of linear CO and red shift of bridging CO frequency for the sample. The
CO frequency shifts of intrazeolite Rug carbonyl clusters is explained by the inter-
action between O-ended carbonyl in the Ru carbonyl clusters and the acid sites in
NaX zeolites, similarly for [Rhs(CO),(]/NaY [9]and [Pt;, (CO),, >~ /NaY [10].
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Fig. 1. In situ FTIR spectral changes in the carbonyl stretching region for the reaction of
Ru™(NH;,),/NaX with CO + Hj (200 Torr/200 Torr) at (a) 298 K, (b) 353 K, (c) 393 K for 0.5 h,
and (d) 393 K for46 h.

The EXAFS measurements were carried out in transmission mode at 13L-10B
of the Photon Factory in the National Laboratory for High Energy Physics. Fig. 2
presents the raw EXAFS function and its Fourier transform for the sample of pro-
posed [Rug(CO),4]*>~/NaX [II]. The raw EXAFS function (fig. 2a) shows oscilla-
tions up to a value of k of above 15 A~!, clearly indicating the presence of near-
neighbour high-atomic-weight backscatterers, which are inferred to be Ru. The
EXAFS spectrum for k> 11 A~! is almost entirely due to the Ru-Ru shell. Table 2
lists the results of the data analysis for the [Rug(CO),,]*"/NaX sample. The Ru—
Ru coordination number of 3.5 suggests the presence of a cluster, with only 4-6 Ru
atoms, while the Ru-Ru distance of 2.82 A is reasonably consistent with that for
[PPN],[Rus(CO),,] in crystal measured by X-ray analysis (2.80-2.89 A)[14]. Note
that besides the [Rug(CO) 4]* cluster dianion there are minor contributions of sub-
carbonyls such as Ru!(CO), (x = 2, 3) which are bonded to zeolite support oxygen
(Iess than 15% of total Ru in NaX). A reasonable explanation is provided by the
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Table 1
Carbonyl stretching frequencies
System Carbonyl stretching frequencies (cm™')
Ru!(CO),/NaX 2080s,2010s
Ru!(CO),/NaX 2040s, 1988s
Ru;(CO),,/NaY 2124w, 2068vs, 2028s
Ru3(CO),, in hexane 2062vs, 2032s,2011m
[PPN],[Rug(CO),4] in CH2Cly 2006s, 1986s, 1930m and 1758w

(UV-vis; 235,287 nm)
[Ruﬁ(CO)Ig]z_/NaX 2014s, 1972s, 1743m, 1702w

(diffuse reflectance UV-vis; Apax = 235,285 nm).
[HRug(CO),]” /NaY 2126w, 2062vs, 2044w, and 1975m
[PPN][HRus(CO),4] in CH2Cl, 2027vs, 1957m
RusC(CO)?; in CH,Cl, 2048w, 2032w, 1977s, 1957m, 1918m, 1980m
RusC(CO);, in CH,Cl, 2065s, 2046s, 1995w, 1851w

minor contribution of mononuclear Ru carbonyl, which results in the observed
Ru-Rucoordination number less than 4 for the Rug octahedron framework.

By contrast, it is interesting to find that the ion-exchanged [Ru**(NHj3)4]/NaY
in the CO + H; reaction at 393-423 K showed the IR carbonyl spectrum (vco
= 2126(w), 2062(vs), 2044(sh), and 1975(m) cm~') with no bridging CO, which is
different from that of [RuG(CO)lg]z_ /NaX. The resulting spectrum rather resem-
bles that of [PPN][HRus(CO)4 in solution (2027(vs) and 1957(m) cm™! [15])
except for the CO frequency shifts. The formation of protonated Rug dianion in
NaY might be owing to more acidic circumstances in NaY cages, compared with
that in NaX. The EXAFS parameters for the proposed sample of
[HRug(CO),g4] " /NaY (I) are listed also in table 2, suggesting that the NaY zeolite
is encaged with the carbonyl cluster consisting with the Rug octahedron framework
similar to [Rus(CO) g]*~ /NaX (II).

The zeolite-occluded [Cos(CO),,]/NaY (V) obtained by vapor-phase immer-
sion of an NaY zeolite pellet into Co,(CO)g at 300-323 K is characteristic of the IR
carbonyl bands at 2126(w), 2078(s) and 1817(m) cm~!. The bands are shifted sig-
nificantly from Co4(CO),, deposited on NaY (2064, 2055, and 1868 cm™!). The
sample was readily decarbonylated upon exposure to oxygen at 300-323 K to give
the oxidized species designed as [Co40,]/NaY. The oxidized sample was succes-
sively reduced with H; at 523 K for 20 h. The EXAFS measurements were carried
out for these samples and the Fourier transform spectra are shown in fig. 3. The
EXAFS parameters (CN =3.2and r = 2.6 A) for the H,-reduced sample derived
from [Co4(CO),,]/NaY suggest that the highly dispersed reduced cobalt cluster
(less than 6 A insize) designated as [Co4)/NaY is relatively stabilized to be encaged
inthe NaY pores.

After immersion of the NaY zeolite pellet into a pentane solution of Co,(CO),,
the impregnated wafer was, after removal of the solvent, gently heated from 300 to
323 K under a mixture gas of CO (300 Torr) and H, (100 Torr). Fig. 4a shows
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Fig. 2. Ru K-edge EXAFS data for [RW(CO)‘S]Z' /NaX (II); (a) k*-weighted EXAFS oscillation,
(b) associated Fourier transform.

the successive in situ FTIR spectra obtained after the reaction for 1-36 h, where
two intense IR carbonyl bands at 2080 and 1719 cm~! were developed on time of
stream. The spectrum resembles Cog(CO),, in solution (2061(vs), 2057(sh),

Table 2

RuK-edge EXAFS results for [Rug(CO),4]*~ in NaX zeolite ®

Shell CN R A) AE,) (eV) o (A)
Ru-Ru 35 2.82 12.85 0.067
Ru-C 3.1 1.86 —6.67 0.060
Ru-O 1.4 2.26 3.66 0.085

2 CN, R, AE; (eV), and o (A) represent coordination number, interatomic distance, change in
energy threshold, and Debye—Waller factor, respectively.
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Fig. 3. Fourier transforms of k*-weighted EXAFS spectra; k°x (k) versus R (A). (a) Co4(CO),,/
NaY, (b) CosO,/NaY (oxidized), and (c) Cos/NaY (reduced), including the evaluated EXAFS
parameters.

1772 cm~1) [16], except for the blue shift of linear CO and the red shift of bridging
CO frequency possibly due to the intrazeolite occlusion. Fig. 4b represents a set
of in situ IR spectra of 13CO exchange reaction with [Co(CO),¢]/NaY at 300 K,
implying that the facile CO exchange occurs to give the NaY-encaged Co6(13CO) 16
(vco = 2028(vs) and 1673(s) cm~! infig. 4a).

3.2. FORMATION OF RuCo BIMETALLIC CLUSTERS IN NaY

Fig. 5 shows the IR carbonyl spectra obtained upon immersion of the oxidized
[HRus(CO),5]” /NaY (3.2 wt% Ru) (I) pellet into a pentane solution of Co,(CO),
(Co/Ru = 3 atomic ratio). The resulting spectra were obtained after the subse-
quent reaction with Co + H; at 323-393 K, characteristic of the carbonyl bands at
2080(vs), 2060(s), 1980(m) and 1813(s) cm~'. It is interesting that they resemble
those of HRuCo3(CO),, (vco = 2070(vs), 2062(vs), 2030(s) and 1884(s) in ace-
tone) [17], except for the blue frequency shift of linear CO and the red shift of brid-
ging CO for the carbonyl cluster in NaY. By comparison with the IR carbonyl
bands of the sample, it is not likely attributable to [RuCo;(CO);,]” (vco
= 2024(vs), 1996(vs), 1967(s), 1887(m) and 1813(s) cm~! in CH,Cl,) nor to
HCoRu3(CO),; (2013(s), 2061(vs), 2054(vs), 2034(m), 2024(m), 2017(m) cm~! in
hexane solution) [18]. The resulting intrazeolite RuCo bimetal carbonyl cluster is
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Fig. 4. (a) In situ FTIR spectral changes in the carbonyl region for formation of Cog(CO),,/NaY in

the reaction of impregnated Co,(CO),;/NaY with CO + H, (300 Torr CO/100 Torr H,) at 313 K

after (A) 1 h, (B) 5 h, (c) 12 h, (D) 24 h, and (E) 36 h. (b) In situ FTIR spectral changes in the carbo-

nyl region for 3 CO exchange reaction with Cog(CO),,/NaY at 300 K (100 Torr of 1*CO) after (A)
1h,(B)4 h,(C)6 h,(D)8 h,and (E) 10 h.

designated as [HRuCo3(CO),,|/NaY (IV). The intrazeolite formation of
HRuCo3(CO),, in NaY cages may be analogous with the homogeneous prepara-
tion which is accomplished by allowing Na[Co(CO),] to react with RuCl; in reflux-
ing methanol solution followed by protonation with H3PO4 [17],

3Na[Co(CO),] + RuCl; =~ Na[RuCo;3(CO),,] + 3NaCl
[RuCo3(CO),,]” + H3PO4 —HRuCo3(CO),, .

3.3. SiO,-GRAFTED RuM BIMETALLIC CLUSTER-DERIVED CATALYSTS IN CO
HYDROGENATION

The catalytic activity of SiO,-grafted RuM carbonyl cluster-derived catalysts
reached the steady state of CO conversion and product selectivities orienting
toward alcohols after 10-15 h on stream in CO hydrogenation, and remained basi-
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Fig. 5. In situ FTIR spectral changes in the carbonyl region for formation of HRuCo3(CO),,/NaY

in the reaction of the oxidized [HRug(CO),5]” /NaY (I) combined with the immersion of Co,(CO),

under the atmosphere of CO + H, (300 Torr CO/100 Torr H,) at 353 K after (a) 0.5 h, (b) 1 h, (c)
4 h,(d)6 h,(e)6 h,(H)8 h,(g) 12 hand (i) 16 h.

cally constant for a subsequent 45-50 h. Catalytic performances for various prod-
ucts, including hydrocarbons and oxygenates in CO hydrogenation at 519 K are
presented in table 3, where the selectivities were based on CO. The monometallic
catalysts derived from HRu3(CO),;, RusC(CO),; and Co4(CO),, provided high
rates of hydrocarbons (C1—Cs) with negligible amounts of oxygenates. The SiO;-
grafted catalysts derived from Ru carbido-clusters such as RusC(CO),, gave no
particular improvement of alcohol formation in CO hydrogenation, compared
with those from Ru carbonyl clusters in contrast to those on MgO-impregnated cat-
alysts [19]. However, it is of interest to find that the catalysts from the SiO,-grafted
RuM (M = Co, Fe, Ni and Cr) bimetallic carbonyl clusters exhibited the following
features in CO hydrogenation: (a) the CO conversion and activities for oxygenates
toward C;—Cs alcohols were enhanced substantially on the catalysts from
Ru3Co3C(CO),4, RuCo,(CO),, and HRuCo3(CO),, with higher conversion in the
higher alcohol selectivities up to 23-38%. (b) the CO conversion on RuFe and
RuMo bimetallic catalysts decreased considerably, but the activity for the oxyge-
nates increased relatively, and, as a result, the selectivities for oxygenates consist-
ing of methanol and ethanol in CO hydrogenation were up to 28 and 26% over
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those of RuFe and RuMo catalysts, respectively. (c) RuNi and RuCr catalysts pre-
pared from [Ru;Ni3C(CO)13]2_ and [Ru;CrzC(CO)16]2_ led to a deep decrease in
activities for both hydrocarbons and oxygenates. The above results indicate that
the RuCo and RuFe bimetallic catalysts are among the best catalysts for formation
of higher alcohols, especially for the RuCo carbonyl cluster-derived catalysts.
However, some other metals such as Ni, Mn and Cr are not effective to promote the
production of oxygenates on the modified Ru catalysts.

3.4. CO HYDROGENATION ON THE CATALYSTS DERIVED FROM Ru, Co AND RuCo
CLUSTER IN NaY AND NaX

The catalytic properties of the various catalysts derived from the zeolite-
entrapped Ru, RuCo and Co carbonyl clusters in 5 bar Co + H; reaction at 498—
548 K were investigated, and the results are presented in table 4. Interestingly, it is
found that the oxygenates such as methanol, formaldehyde and ethanol were pro-
duced with relatively higher selectivities on the catalysts prepared from Ru carbonyl
clusters in NaY zeolite such as [Ru3(CO),,]/NaY and [HRug(CO),¢]” /NaY, com-
pared with those on Si0;-impregnated ones, as shown in table 3. The promotion for
alcohol formation may be associated with the basic circumstance in the zeolite
cages. Furthermore, the activity and selectivity for the products in CO hydrogena-
tion on various catalysts show a large difference depending on the precursors in
NaY and NaX zeolites. The Rusz/NaY catalyst prepared from [Ru3(CO),,]/NaY
has activity for hydrocarbons mainly consisting of methane and forms oxygenates
(lower alcohols and aldehydes of C;—Cs;). The Rus/NaY derived from
[HRug(CO),4]”/NaY produced preferentially methane and higher hydrocarbons
such as C,—Cy4 with poor yield of oxygenates. By contrast, Cos/NaY prepared from
[Co4(CO),,]/NaY (10 wt% Co) exhibits a lower CO conversion, but the selectivity
for oxygenates is 81.2% including methanol and C, alcohols. The Cog/NaY from
[Cog(CO),¢]/NaY has an improved activity for CO conversion but the oxygenates
selectivity is greatly suppressed. It is interesting to find that on the RuCo bimetal
catalyst prepared from the proposed [HRuCo3(CO),,]/NaY (Ru/Co = 3, 8.8 wt%
metal loading), the CO conversion and the rates for oxygenates such as C;—Cs alco-
hols are substantially increased, similarly on the RuCo3;/SiO, prepared from
[HRuCo3(CO),,]/SiO;. The results indicate that the Co promotes effectively the
higher alcohol formation in CO hydrogenation catalyzed on Ru catalysts in combi-
nation with Co, possibly resulting in localized RuCo ensembles derived from the
used bimetallic clusters grafted on SiO, and entrapped in zeolite pores, similarly as
proposed previously for the RhFe and IrFe cluster-derived catalysts[7,8].

4. Conclusion

The conclusions of this study may be summarized as follows: (1) Some well-
defined Ru, Co and RuCo carbonyl clusters were prepared by the ship-in-bottle
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technique, and characterized by FTIR and EXAFS spectroscopies. (2) The cat-
alysts prepared from the RuCo and RuFe bimetal carbonyl clusters grafted on SiO,
and RuCo entrapped in NaY zeolite exhibited higher activities and selectivities
toward C;—Cs alcohols in CO hydrogenation, compared with those on uncombined
Ru and Co cluster-derived catalysts. (3) The catalytic promotion for higher alco-
hol formation is proposed to be associated with the adjacent RuCo bimetal sites
derived from the bimetal clusters, similarly as on the RhFe and IrFe bimetal clus-
ter-derived catalysts.
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