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Hydrogenation of carbon monoxide to produce hydrocar-
bons, normally called Fischer—Tropsch synthesis (F-T syn-
thesis),!! is one of the most important hydrogenation
reactions owing to its potential for the intermediate produc-
tion of hydrocarbon fuels in the “postpetroleum” era.
Supported and unsupported catalysts have been widely
investigated over the last 80 years or more,” and it is unlikely
that further major improvements in the economic and energy
efficiencies of the process can be realized with conventional
catalysts. The reaction is favored at low temperature; there-
fore, reducing the particle size of the catalyst to several
nanometers, while maintaining the three-dimensional free-
dom of the particles, may in principle significantly increase
the catalytic activity as well as decrease the working temper-
atures for the process. It has been reported that soluble
nanoclusters®! in ionic liquids™ or liquid water™ exhibit
excellent catalytic performance in the hydrogenation of
various organic substrates and also are comparatively green
in nature.”! As far as we are aware, aqueous-phase F-T
synthesis has not been reported to date, but it has been
shown!”! that water promotes the reaction—for example, the
activity (calculated on the basis of the total number of Ru
atoms) of a traditional 5% Ru/SiO, catalyst was increased by
a factor of 3 when the pressure of steam was increased from
0.017 to 0.454 MPa (see entry 15 in Table 1).” Herein we
report our first steps in the development of an aqueous-phase
process for the hydrogenation of carbon monoxide using a
ruthenium nanocluster catalyst.

Water-soluble ruthenium(0) nanoclusters with a diameter
of 2.0+ 0.2 nm (see Figure 2a) were prepared by the reduc-
tion of ruthenium trichloride hydrate under 2.0 MPa H, in the
presence of poly(N-vinyl-2-pyrrolidone) (PVP). The results
shown in Table 1 were obtained by sealing the syngas
(3.0 MPa, H,/CO =2:1) in a stainless steel autoclave running
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Table 1: Catalytic properties of Ru nanoclusters in various solvents® and
comparative data for conventional supported catalysts.

Entry Solvent Reducing T[°C] Activity Aggregation

agent® [molcomolg,Th™'] after
reaction

1 water blank 150 0 -
26 water H, 150 6.8 no
3 water H, 150 6.9 no
4 water H, 120 3.1 no
5 water H, 100 0.74 no
6 water NaBH, 150 1.6 no
7 ethanol H, 150 0.32 no
84 ethanol H, 150 0.78 no
9 dioxane H, 150 0.42 no
10 cyclohexane H, 150  0.65 yes
11 [BMIM][BF,] H, 150 0.55 no
12 [BMIM][BF,] NaBH, 150 0.18 no
13 5% Ru/Cin 20 mL 150 O -

water
147 8% Ru/SiO,, 0.1 MPa, 150  0.19 -

H,/CO=1, 500 mLh™'
156 5% Ru/SiO,, 1.5 MPa, 200  0.41-1.22 -

H,/CO=2,

p(H,0)=0.017-

0.454 MPa

[a] Typical reaction conditions: 2.0 MPa H,, 1.0 MPa CO, 20 mL solvent,
2.79%107* mol Ru, PVP/Ru=20:1. [b] Used for preparing the ruthenium
nanocluster catalysts. [c] PVP/Ru=40:1. [d] Addition of 10.0 mL water.
[e] An ionic-liquid-like copolymer poly[(N-vinyl-2-pyrrolidone)-co-(1-vinyl-
3-alkylimidazolium halide)] was used to replace PVP, with copolymer/
Ru=5:1. BMIM =1-n-butyl-3-methylimidazolium. [f] From literature
data.®! [g] From literature data.l

in batch mode. A high-precision pressure gauge was used to
monitor the reaction and to calculate the catalytic activity. It
can be seen that a nanocluster ruthenium catalyst stabilized
by an ionic-liquid-like copolymer®®® in the ionic liquid
[BMIM]|[BF,] (Table 1, entry 11) afforded an acceptable
activity of 0.55 molcomolg, 'h™' for the synthesis at 150°C
and total pressure of 3.0 MPa. Similar activities were obtained
when using ethanol, dioxane, or cyclohexane as solvent
(Table 1, entries7, 9, and 10, respectively). Addition of
water to the ethanol system gave a significant enhancement
in activity (Table 1, entry 8). This result prompted us to
conduct the synthesis in pure liquid water under the same
conditions, which led to an unprecedented activity of as high
as 6.9 molco molg, 'h™! (Table 1, entries 2,3). This value is
almost 35 times that of the above-mentioned Ru/SiO, catalyst
at 150°C (Table 1, entry 14) and 6-16 times that of the same
catalyst at 200°C (Table 1, entry 15) in the presence of varied
amounts of added steam (see also Table S1 in the Supporting
Information for more information about traditional cata-
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lysts). Indeed, even at 100°C (Table 1, entry 5) the activity of
the ruthenium nanocluster catalyst in water is comparable to
that of the supported Ru/SiO, catalyst at 200°C (Table 1,
entry 15). The method of preparation of the ruthenium
nanoclusters also affects the catalytic activity—for example,
when NaBH, was used as the reducing agent, the activity of
the resulting nanoclusters was only 1/3-1/4 of that of those
prepared using H, as the reducing agent (Table 1, entries 6
and 12). It is noteworthy that a commercial Ru/C catalyst
showed no detectable activity at 150°C under identical
reaction conditions to those employed for the nanoclusters
(Table 1, entry 13).

The products of the F-T synthesis were carefully analyzed
by well-established methods (see the Supporting
Information), and the product distributions are shown in
Figure 1a. It is notable that Cs—C,, hydrocarbons made up the
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Figure 1. a) Hydrocarbon selectivities for 2.0-nm-diameter nanoclus-
ters; b) Anderson—Schulz—Flory distribution of products for Ru nano-
cluster catalysts with different diameters of 1.8+0.3 nm (m),
2.0+0.2nm(e), 2.5£0.3 nm (A), 2.9£0.3 nm (V¥), 3.3£0.4 nm (e).
Reaction conditions: 150°C, 2.0 MPa H,, 1.0 MPa CO, 2.79x 10~* mol
Ru, 20 mL water, PVP/Ru=40:1 (PVP/Ru=200:1 for 1.8-nm-diameter
nanoclusters).

vast majority (80.9wt%) of the products, and that only
33wt% of methane was formed. No oxygenates were
detected in either the organic phase or the aqueous phase.
The linear trend in Figure 1b clearly demonstrates that the
chain length distribution of the reaction products follows the
Anderson-Schulz—Flory statistics.

The transmission electron microscopy (TEM) character-
ization (Figure 2) showed that the particle size of freshly
prepared ruthenium nanoclusters had a very narrow distri-
bution. The TEM micrograph of the 2.0-nm nanoclusters is
shown in Figure 2 a and indicates that that the deviation from

Angew. Chem. Int. Ed. 2008, 47, 746 -749

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angewandte

0.4 20+0.2nm
0.3
0.2
0.1

Distribution ——>

0.0
151719212325

Diameter / nm —>

2.1+£0.2nm
0.3

0.2

Distribution ——>
o

0
151719212325
Diameter / nm——>»

Figure 2. TEM micrographs and size distributions of Ru nanoclusters:
a) freshly prepared, inset: high-resolution TEM image; b) after reac-
tion. Reaction conditions: 150°C, 2.0 MPa H,, 1.0 MPa CO,
2.79%107* mol Ru, 20 mL water, PVP/Ru=40:1.

the mean diameter is about +0.2 nm. The average particle
size increased slightly to 2.1 nm with the same deviation of
0.2 nm after reaction (Figure 2b), indicating that the ruthe-
nium nanoclusters appear to be stable under the reaction
conditions.

To examine the stability of the 2.0-nm nanocluster catalyst
in more detail, the reaction was carried out in a semibatch
mode for 48 h, that is, whenever the pressure dropped below
1.2 MPa, additional syngas was supplied to the reactor to
restore the pressure to the initial value of 3.0 MPa. The
activity dropped from 6.9 mol.omolg, 'h™! at the beginning
of the reaction to about 4.0 molcomolg, 'h™' after 8 h, and
then remained at this value over the next 40h, thus
demonstrating the long-term stability of the catalyst. After
the reaction was quenched, liquid hydrocarbons and solid wax
were present as the top layer in the reactor, well separated
from the bottom aqueous layer, indicating the ease of
separation for products and catalyst in this reaction system
(Figure S1 in the Supporting Information). No precipitate was
observed in the bottom aqueous layer. Analysis by inductively
coupled plasma (ICP) emission spectroscopy of the hydro-
carbon layer showed no leaching of Ru within the detection
limit (ca. 0.05 ugL™).

Detailed studies show that the diameter of the Ru
nanoclusters did not have a significant effect on the chain
length distribution of the F-T products (Figure 1b, and
Figure S2 in the Supporting Information). However, it had a
significant effect on the catalytic activity. As shown in
Figure 3a, the catalytic activity showed a slight increase
when the particle diameter was reduced from 4.0 to 2.5 nm,
but a dramatic increase when the diameter was reduced to
2.0 nm. Further reducing of the particle diameter to 1.8 nm,
however, resulted in a sharp fall in activity (this result cannot
be explained by the inhibiting effect of the additional
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Figure 3. a) Catalytic activity and b) TOF as a function of diameter of
the Ru nanoclusters. Reaction conditions: 150°C, 2.0 MPa H,, 1.0 MPa
CO, 2.79%107* mol Ru, 20 mL water, PVP/Ru=40:1 (PVP/Ru=200:1
for 1.8-nm nanoclusters).

stabilizer required to prepare the 1.8-nm nanoclusters; see the
Supporting Information for details). The surface-specific
activity, referred to as turnover frequency (TOF, the activity
calculated on the basis of the number of surface atoms; see
the Supporting Information for details) decreased gradually
as the size of the nanoclusters was reduced from 4.0 to 2.5 nm
(Figure 3b) and then increased dramatically to an unprece-
dented maximum value of 12.9 h™! for the nanoclusters with a
diameter of 2.0 nm, before decreasing significantly again for
the 1.8-nm-diameter nanoclusters. Despite efforts to ration-
alize this very unusual phenomenon, no atomic-level explan-
ation is currently available.

The aqueous-phase F-T synthesis demonstrated here
offers opportunities to reexamine this long-established pro-
cess from various aspects. Firstly, in the case of conventional
supported ruthenium F-T catalysts, the support effects have
been widely studied.””’ The catalytic activities were found to
be influenced largely by the different supports employed and
were attributed to electronic, geometric, or other effects (e.g.
surface lattice vacancies). Our work, however, shows that
ruthenium nanoclusters themselves in the absence of any
support show much higher catalytic activity than that of
supported catalysts. This finding reflects that the intrinsic
effects of supports may need to be reconsidered.

Secondly, commercial F-T synthesis processes usually use
slurry reactors with CO and H, circulating through wax. Our
aqueous-phase F-T synthesis offers the opportunity to
employ a reactor with all the advantages of the traditional
slurry reactor coupled with facile product separation resulting
from the immiscibility of the hydrocarbon products and the
water-soluble catalyst.
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Finally, the mechanism of F-T synthesis is very compli-
cated and has not been fully delineated. The ruthenium
nanoclusters in our system are homogenously dispersed in a
solvent, which allows us to study the mechanism of the
process by using the array of spectroscopic techniques which
have been proven to be very successful in exploring homoge-
neous catalysts. In fact, in situ infrared and Raman spectro-
scopic investigations are currently underway in our labora-
tory.

In conclusion, aqueous-phase F-T synthesis with a TOF of
129 h™" has been realized over a ruthenium nanocluster
catalyst (with a mean diameter of 2.0 nm) at 150°C under
2.0MPa H, and 1.0 MPa CO. This is the first example
demonstrating that a very important industrial process
generally carried out using supported metal catalysts can be
realized by soluble metal nanocluster catalysts, with much
enhanced catalytic efficiencies.

Experimental Section

The aqueous-phase ruthenium nanocluster catalyst was prepared
according to the following procedure: RuClynH,O (73 mg, 2.79 x
10*mol Ru) and PVP (1.240¢g, 1.12x107?mol; PVP/Ru=40:1)
were dissolved in deionized water (20 mL) with stirring. The solution
was placed in a 60-mL stainless steel autoclave equipped with a high-
precision pressure gauge (£ 0.4 % ). The catalyst was reduced under
2.0 MPa H, at 150°C for 2 h with a stirring speed of 800 rpm. The
resulting colloidal black solution contained ruthenium nanoclusters
with an average diameter of 2.0+ 0.2 nm. Ruthenium nanoclusters
with diameter 1.8 +£0.3 nm were prepared under the same conditions
with the addition of a larger amount of PVP (PVP/Ru=200:1). A
series of larger ruthenium nanoclusters (diameter 2.5-4.0 nm) were
prepared by reduction of RuCl;-nH,O by 2.0 MPa H, at 60°C in the
presence of the smaller ruthenium nanoclusters.

For catalytic testing, a solution of the freshly prepared Ru
nanoclusters (2.79 x 10~* mol Ru) was placed in a 60-mL stainless
steel autoclave and heated in the presence of 1.0 MPa CO (99.9%,
purified by activated 5-A molecular sieves) and 2.0 MPa H,
(99.999%). The autoclave was kept at 150°C with stirring at
800 rpm until the total pressure decreased to about 1.2 MPa (or
about 0.75 MPa at room temperature, corresponding to a CO
conversion of about 75% ). After reaction, the autoclave was cooled
to room temperature. The products were collected and analyzed by
GC, GC-MS, and IR.
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