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Abstract FeRu nanoparticles were prepared according to

an organometallic route using {Fe[N(Si(CH3)3)2]2}2 and

(g4-1,5-cyclooctadiene)(g6-1,3,5-cyclooctatriene) ruthe-

nium(0) Ru(COD)(COT) precursors followed by their

insertion into a mesoporous MCF-17 support host. The

resulting nanoparticles had a uniform size of approximately

2 nm, with a relative Ru amount of up to 33 at.%. Steady-

state Fischer–Tropsch catalysis at 6 bar total pressure (H2/

CO = 1:1) demonstrated light olefins production with a

selectivity close to 50 % (ex. CO2) for catalysts with low

Ru content (5 at.%). The selectivity pattern changed to

long chain-paraffin production with increasing Ru

amounts. These catalysts were also more active than those

containing few Ru. X-ray photoelectron spectroscopy

showed under-parity Ru amounts to effectively cover the

surface of Fe nanoparticles. The nanoparticle distribution

inside the MFC-17 host was characterized by microtomia/

transmission electron microscopy.
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1 Introduction

The Fischer–Tropsch synthesis (FTS) is attracting contin-

ued interest since it allows the conversion of syngas (CO/

H2) into hydrocarbon-derived fuels using non-petroleum

feedstocks, such as natural gas, coal or biomass. To date,

commercial processes use iron and cobalt-based catalysts.

Ru metal is likewise FT-active and has chain-lengthening

properties superior to those of iron and cobalt.

Hydrocarbon products in FTS usually follow the

Anderson–Schulz–Flory (ASF) distribution, which is

determined by a polymerization-type mechanism involving

the regioselective repetitive insertion of a monomer into

the growing chain. The chain growth probability (a), usu-

ally expressed in kinetic terms by relating the rate constant

of chain propagation to that of chain termination, is influ-

enced by various factors such as the process conditions or

the choice of catalyst and chemical promoters [1, 2]. Due to

the polymerization-type mechanism of chain growth, a

range of Cn products are formed rather than a single-n

product. In this respect, the ASF distribution is unselective.

However, in recent years, much has been learned about the

design of catalysts favoring either short-chain or long-

chain hydrocarbons production [3–7]. Furthermore, the FT

synthesis produces not only paraffinic hydrocarbons; ter-

minal olefins and oxygenates may be likewise produced

with variable chain length [8–11].

Tailoring catalysts for specific applications in FT syn-

thesis may either be based on exploring particle size and

morphology effects or ‘alloying’ relevant metals and metal

oxides. Therefore, controlling the nucleation and growth of
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metallic nanoparticles and designing size- and composi-

tion-variable catalysts are crucial for the development of

high performance FT catalysts.

Particle size effects were previously reported by various

authors [4, 12–15], mainly for cobalt [16] and ruthenium

metals [17–19]. All these studies showed that the catalytic

activity is independent of the cobalt or ruthenium particle

size in the size range from 9 to 200 nm, while smaller

metal nanoparticles (\6 nm) show higher selectivity

towards methane formation.

Iron based catalysts, on the other hand, attracted an

ever-lasting attention since the early days of FT catalysis

because iron metal is cost-efficient, shows little toxicity

and is easily accessible due to its abundance. Although

iron-based catalysts are generally less active than Co and

Ru ones, they may have advantages with respect to olefin

production. Recently, the group of de Jong [20, 21]

reported evidence for a size effect of iron nanoparticles

(NPs) as catalysts for FT synthesis. The same study

claimed a sixfold to eightfold increase for the initial

activity when decreasing the average size of iron NPs from

7 to 2 nm, while the selectivity for methane and lower

olefins formation were not affected.

Despite the recent progress in tuning the activity and

selectivity of monometallic catalysts in FT synthesis, fur-

ther efforts are necessary to meet future challenges and

specifications. In this context iron–ruthenium NPs may be

considered attractive. Such FeRu catalysts were shown to

be interesting not only in relation to FT synthesis [22–25],

but also for the water–gas shift reaction [26] and the

selective hydrogenation of unsaturated aldehydes and

ketones [27, 28]. Despite this interest, only a few reports

were published so far on the synthesis of FeRu nanopar-

ticles. The main preparation routes for FeRu alloys involve

co-impregnation of a solid support with solutions of

metallic salts, ionic liquids and their reduction [27–30],

microwave irradiation [26, 31] or metal organic chemical

vapor deposition (MOCVD) [32]. Very recently, Kelsen

et al. reported a new organometallic approach for the

synthesis of FeRu bimetallic nanoparticles under mild

conditions [33, 34]. This approach which is based on the

reduction of various organometallic precursors in the pre-

sence of a reducing agent under mild conditions was

originally developed in the Toulouse group for the syn-

thesis of monodisperse magnetic nanoparticles which can

be mono or bimetallic [35–37], or even associated with a

main group element to form e.g. carbides [38]. Thus, for

the synthesis of iron-based nanoparticles, the iron bis(a-

mide) complex {Fe[N(SiMe3)2]2}2 (Me = CH3) was cho-

sen due to its reactivity and versatility for producing well-

defined nanostructures with unprecedented magnetic [35–

44], catalytic [33, 34] or hyperthermia properties [38–42].

In a previous paper [33], the Toulouse group reported

on the preparation of bimetallic FeRu nanoparticles through

co-decomposition of two organometallic precursors, {Fe[N

(Si(CH3)3)2]2}2 and (g4-1,5-cyclooctadiene)(g6-1,3,5-cyclo-

octatriene) ruthenium(0) Ru(COD)(COT), under H2 at

150 �C in mesitylene. The NPs were fully characterized by

combining transmission electron microscopy (TEM), high

resolution electron microscopy (HREM), wide angle X-ray

scattering (WAXS) and Quantum design model MPMS 5.5

SQUID magnetometry.

The present work provides a feasibility study with

respect to catalytic applications. We shall demonstrate that

bimetallic FeRu nanoparticles can be successfully inserted

into a mesoporous MCF-17 host structure and character-

ized for their catalytic performance in FT synthesis.

Emphasis will be laid on revealing the influence of varying

relative amounts of Ru in FeRu on the catalytic activity and

selectivity. We thereby highlight the possibility of using

bimetallic FeRu nanoparticles, prepared according to orga-

nometallic recipes, in heterogeneous catalysis without

employing impregnation–decomposition–calcination cycles

as encountered in classical procedures using inorganic metal

precursors.

2 Experimental Section

Three nanoparticle samples were prepared according to a

previously reported route by reacting the two organome-

tallic precursors {Fe[N(Si(CH3)3)2]2}2 and (g4-1,5-cyclo-

octadiene)(g6-1,3,5-cyclooctatriene) ruthenium(0) Ru(COD)

(COT), under H2 at 150 �C in mesitylene. The resulting

nanoparticles display a mean size close to 2 nm [33, 34] (see

Fig. 1 Supporting Information) and a composition reflecting

that of the initial solution. The three samples differ in the

relative amount of Ru: FeRu1 (Ru: 5 at.% or molar ratio of

Fe:Ru as 1:0.05), FeRu2 (Ru: 17 at.% or molar ratio of

Fe:Ru as 1:0.2) and FeRu3 (Ru: 33 at.% or molar ratio of

Fe:Ru as 1:0.5). FeRu nanoparticles were introduced into

mesoporous silica (MCF-17) under sonication for 1 h using

a solution of NPs in mesitylene. The resulting supported NPs

were dried at 100 �C for 40 min. Fe metal loadings were

determined by atomic absorption spectroscopy (AAS).

Overall metal amounts were calculated by taking into

account the relative amounts of Ru complexes. To receive

information about the metal dispersion in MCF-17, the used

catalysts (i.e. after reaction studies) were spread into a resin

and subjected to a microtomy experiment followed by TEM

imaging.

High-pressure tests were performed in a fixed-bed plug-

flow reactor consisting of a quartz tube (dinner = 7 mm)

inside a stainless steel housing. In a typical experimental
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procedure, an appropriate amount of catalyst (0.25–0.60 g)

was loaded in the reactor followed by a mild activation

with H2 at 1 bar (40 mL min-1) and 350 �C during 1 h.

The reactor was subsequently cooled to ambient tempera-

ture in flowing hydrogen before adding CO so as to pro-

duce a 1:1 H2/CO syngas feed with a total flow of

60 mL min-1. Next, the total pressure was increased to

6 bar. Temperatures for the catalytic tests were approached

using low heating rates of 1 �C min-1. Catalytic activities

and product selectivities (CO2 included, if not otherwise

mentioned) were determined at 250 and 300 �C in steady-

state after stabilization for at least 12 h. CO conversion and

selectivities were determined by online gas chromatogra-

phy and mass spectrometry (GC–MS, Agilent 7890A-

5975).

X-ray photoelectron spectroscopy (XPS) studies were

carried out at a base pressure of about 5 9 10-11 mbar.

The XPS set-up was described in detail [45]. Colloidal

solutions of FeRu nanoparticles were deposited onto a gold

foil by drop casting. Prepared samples were first placed in

the reaction chamber for degassing before transferring

them into the analysis chamber under UHV conditions. The

X-ray source was operated with an acceleration voltage of

13 kV and an emission current of 10 mA. Non-mono-

chromatized Mg Ka radiation was used for the analysis and

the C 1 s peak at 284.4 eV was utilized as reference energy

for charge correction. High resolution scans were made for

Fe 2p, C 1 s, O 1 s and Ru 3d employing a pass energy of

50 eV with a dwell time of 0.1 s and a step size of 0.05 eV.

For Microtomia experiments, followed by Transmission

Electron Microscopy (TEM), the catalyst samples were

directly embedded in an epoxy resin after degassing (Epon

812). Ultra-thin sections were cut on an UCT ultramicro-

tome (Leica Microsystems) at room temperature with a

nominal thickness of 70 nm using an ultra 45� diamond

knife (Diatome Inc.). Samples were deposited on formvar-

carbon-coated copper grids. TEM experiments were

performed using a JEOL microscope (Model 1400F)

working at 100 kV electron acceleration voltage.

3 Results and Discussion

Catalytic measurements were performed under strictly

differential conditions, i.e. at low CO conversion.

Respective activity and selectivity data are compiled in

Tables 1 and 2. Generally, catalyst samples become more

active with increasing amounts of Ru. Literature reports

which assign Ru metal a higher activity than Fe metal

support this [18]. Moreover, as expected, the reaction rates

are higher at 300 �C than at 250 �C. The absolute rates

need a critical assessment though. First, the preparation

technique of our FeRu/MCF-17 samples does not guarantee

the entire amounts of metal precursors to precipitate into

nanoparticles. Furthermore, as shown below on account of

our TEM studies, the samples obviously contain large

crystal aggregates whose origin is not known at present.

Such aggregates as well as soluble Fe and Ru organome-

tallic complexes contribute to the AAS signals though.

Their influence would be to decrease the rates normalized

to unit amounts of Fe and Ru.

The calculation of TOF values has become standard for

assessing reaction rates in heterogeneous catalysis with

metal nanoparticles. The procedures in doing so are not

unambiguous though. While on the one hand reasonable

assumptions on the particle morphology and metal site

density can be made using microscopic evidence, this is

much less so when it comes to assigning identical catalytic

activity to all surface sites. With respect to the Fischer–

Tropsch synthesis, adsorbate-induced restructuring and

sintering may occur as well. In the present case, the

occurrence of FeRu bimetallic nanoparticles adds another

level of complexity which led us to refrain from calculating

TOF values but rather provide specific reaction rates by

Table 1 Summarized data for catalytic properties of iron catalysts in high-pressure Fischer–Tropsch reaction (selectivities towards different

products are shown in wt%)

Sample At.% Ru (%) Reaction rate,

(moleculesCO nm-2 s-1)

Selectivity (%) a RH a R=

CH4 C2–C4 C2 = C4 C5? RO CO2

FeRu1/MCF-17 5 0.012 26 3 38 14 – 19 – 0.39

FeRu2/MCF-17 17 0.057 14 16 15 41 7 7 0.70 0.48

FeRu3/MCF-17 33 0.253 13 16 13 40 8 9 0.70 0.52

FeRu1/MCF-17 0.010 32 4 47 17 – CO2 is excluded from the selectivity.

Surface rate values are based on CO

conversion to hydrocarbon formation

only

FeRu2/MCF-17 0.053 15 17 15 46 7

FeRu3/MCF-17 0.230 14 17 14 45 9

H2:CO = 1:1, 300 �C, 6 bar, Dtotal = 60 mL min-1
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normalizing to the physical surface unit size. As discussed

above, this procedure still leads to lower-limit rate data,

and the true activities are likely higher than indicated.

As to the selectivities, it has to be kept in mind that they

apply to low CO conversion. For example, measurements

at 250 �C were performed with less than 0.5 % conversion,

those at 300 �C may eventually reach 3.5 %. Conse-

quently, the statistical error is significant when calculating

the amounts of longer-chain products at 250 �C. Therefore,

care is due when making cross comparisons between

selectivities for both reaction temperatures, as compiled in

Tables 1 and 2.

Despite the limitations as described above, it seems clear

that Fe-rich nanoparticles (containing 5 at.% Ru) are able to

produce considerable amounts of short-chain olefins. The

ASF chain lengthening probability indicates formation of

Cn (terminal) olefins up to about n = 6. Unfortunately, the

selectivities of both methane and CO2 are quite high for

these catalysts. We note that, without consideration of the

19 % selectivity of CO2 formation, the C2–4 selectivity

would approach values close to 50 %. This ranks our FeRu

nanoparticles (with 5 at.% Ru) among the most active ones

reported so far [21], in terms of olefin production.

An increase in Ru loading shifts the selectivity away

from olefins towards paraffins at both temperatures, 250

and 300 �C. This shift is associated with a considerable

increase of the ASF chain lengthening probability. Thus,

methane formation is not as dominating as in the case of

Fe-rich FeRu nanoparticles. Moreover, CO2 formation is

abated with increasing Ru amounts. For FeRu catalysts

containing 17 and 33 at.% Ru, the selectivity to unwanted

CO2 remains below 10 %. Obviously, the water gas shift

reaction, CO ? H2O ? CO2 ? H2, is of less concern for

these catalysts. On the other hand, the production of oxy-

genates (dominated by terminal alcohols) is being detected

for catalysts with high Ru content. This is somewhat sur-

prising because some oxygenates formation would have

also been expected for the Fe-rich catalyst sample.

Cross comparisons with regard to the temperature

dependence of the catalysts’ chain lengthening properties

have to be regarded with care. For example, it would have

been expected that larger amounts of C5? paraffins be

obtained at 250 �C than at 300 �C. This seems not to be the

case here. We re-emphasize that the low CO conversion at

250 �C impacts the quantitative determination of longer-

chain products.

Summarizing the catalyst performance of our FeRu/

MCF-17 catalysts, we state, in accordance with expecta-

tions from literature for classical Fe- or Ru-supported

catalysts [8–11, 20, 21, 46], that nanoparticles rich in Ru

are more active than those rich in Fe. This behavior is

shown in Fig. 1. The absolute reaction rates have to be

considered with care though; possible intricacies have been

discussed above. Furthermore, considerable paraffin chain

lengthening is observed for the former while short-chain

terminal olefins are produced by the latter. The overall

selectivity pattern for the catalysts is shown in Fig. 2.

Table 2 Summarized data for catalytic properties of iron catalysts in high-pressure Fischer–Tropsch reaction (selectivities towards different

products are shown in wt%)

Sample At.% Ru (%) Reaction rate,

(moleculesCO nm-2 s-1)

Selectivity (%) a RH a R=

CH4 C2–C4 C2 = C4 C5? RO CO2

FeRu1/MCF-17 5 0.005 32 2 37 6 – 23 – 0.39

FeRu2/MCF-17 17 0.008 19 10 20 27 12 11 0.71 0.35

FeRu3/MCF-17 33 0.036 19 9 19 25 16 11 0.65 0.40

FeRu1/MCF-17 42 2 48 10 – CO2 is excluded from the selectivity

FeRu2/MCF-17 21 11 23 43 13

FeRu3/MCF-17 22 10 21 39 18

H2:CO = 1:1, 250 �C, 6 bar, Dtotal = 60 mL min-1
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Fig. 1 Activity of iron–ruthenium catalysts with different composi-

tions in Fischer–Tropsch reaction (H2:CO = 1:1, 300 �C, 6 bar,

Dtotal = 60 mL min-1)
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The remainder of the present communication is devoted

to the characterization of our FeRu nanoparticles using

XPS and microtomia/TEM. Ex-situ XPS studies were

performed to determine the elemental composition close to

the surface region. The results are shown in Fig. 3. Infor-

mation about the occurrence of O1 s and C1 s in the

samples is provided in the adhering table. Note that the

integrated peak areas of these species are largely deter-

mined by the ex situ preparation of the samples. For the

same reason, the 2p Fe spectra in Fig. 3a are dominated by

higher oxidation states (mainly Fe3?). The 3d Ru spectra

seem also to be influenced by the ex situ preparation

conditions, albeit less strongly than the 2p Fe ones. The

important information gleaned from Fig. 3 is that under-

parity amounts of Ru lead to a strong attenuation of the Fe

2p photoemitted electrons. This can only be understood by

assuming that Ru is intimately linked to Fe in FeRu

nanoparticles and actually forms surface layers on top of

these. Reciprocally, the Ru 3d photoemission strongly

increases with raising Ru amounts. Peak integration of the

Fe 2p and Ru 3d features, see the adjoining table, clearly

shows the Ru surface enrichment relative to the nominal

Ru amounts in the samples.

To provide information about the nanoparticles’ dis-

persion after catalytic reaction studies, we performed

microtomia experiments followed by TEM imaging. The

results are shown in Fig. 4.

Interestingly we find that the distribution of the FeRu

nanoparticles depends on the amount of ruthenium in these

particles. At low Ru concentration (Ru = 5 at.%), we

observe that only a relatively small portion of the nano-

particles is retained inside the MCF-17 host while

0
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35

40

CO2ROC5+C2=C4C2-C4

Se
le

ct
iv

ity
 (%

)
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 FeRu2, 17 at% Ru
 FeRu3, 33 at% Ru

CH4

Fig. 2 Selectivity of iron–ruthenium catalysts with different compo-

sitions in Fischer–Tropsch reaction (H2:CO = 1:1, 300 �C, 6 bar,

Dtotal = 60 mL min-1); RO = oxygenates (alcohols ? aldehydes)

Fig. 3 XPS studies performed on iron–ruthenium catalysts with different compositions a 2p Fe spectra, b 3d Ru spectra, c peak integration of the

2p Fe and 3d Ru features
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substantial amounts are agglomerated in the outer surface

region (see Fig. 4a). By contrast, nanoparticles with higher

Ru concentration (17 and 33 at.%, respectively) remain

located inside the silica and do not show significant size

changes compared to the initial impregnating solutions (see

Fig. 4b, c). Additionally, in the case of FeRu2 (17 at.%),

EDX (energy dispersive X-ray spectroscopy) results indi-

cate the presence of both metals in the nanoparticles (see

Fig. 2 Supporting Information). This demonstrates that

ruthenium-rich nanoparticles derived from organometallic

complexes are stable in the pores during FT catalysis. The

origin of this stabilization is not clear though. The occur-

rence of ruthenium on the surface of iron nanoparticles

may inhibit the coalescence of the particles by rendering

them less prone to chemical phase transformations as

encountered for pure iron-based catalysts. As a matter of

fact, while Fe is subject to bulk carbide and oxide forma-

tion under reaction conditions—with the ‘‘true’’ surface

composition remaining a matter of debate—Ru is much

less so, if at all. Therefore, in view of the large water

production during FT synthesis, much less surface water/

hydroxyl-mediated coalescence is expected to occur for

Ru-rich rather than for Ru-poor FeRu nanoparticles. These

ideas remain speculation at present. More detailed char-

acterisation is necessary to arrive at scientifically sound

conclusions.

In conclusion, this study shows that bimetallic nano-

particles prepared following an organometallic route can be

successfully inserted into a mesoporous silica without any

pre- or post-treatment. Such model catalysts display

interesting catalytic properties in the absence of classical

activation routes. Further research with organometallic

precursors will explore the full potential of this approach

for catalytic reaction studies.
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