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a b s t r a c t

This work investigates the catalytic consequences of Ru cluster size in the Fischer–Tropsch Synthesis
(FTS). Ru/Al2O3 catalysts with different metal particles size have been obtained by treating the solid in
pure H2 at increasing temperatures and times. Steady-state isotopic transient kinetic analysis (SSITKA)
has been carried out at 523 K, 5.5 kPa CO, 55 kPa H2, and 124.5 kPa inert in order to determine surface
residence times and coverage of reversibly bonded CO and CHx intermediates as a function of Ru particle
size (4–23 nm). We have found that FTS with Ru-based catalysts is a highly structure-sensitive reaction
when Ru < 10 nm. In this range, turnover frequency of CO consumption (TOFCO) increases as the particle
size increases, reaching a constant value for Ru particles larger than 10 nm. The lower intrinsic activity
shown by Ru clusters <10 nm may be related to the stronger CO adsorption and concomitant partial
blocking of active sites, as suggested by the decreased CO surface residence time as the Ru cluster size
increases in the range below 10 nm.

� 2011 Elsevier Inc. All rights reserved.
1. Introduction

The Fischer–Tropsch Synthesis (FTS) is a sensible process to ob-
tain clean liquid fuels (paraffins and olefins) from synthesis gas or
syngas, a mixture of H2 and CO in different proportions depending
on the source (typically natural gas or coal) and technology used in
its manufacture [1]. The renewed interest in the FTS accounts to
the possibility of obtaining liquid fuels from syngas either derived
from natural gas (gas-to-liquids, GTL) or renewable feedstock such
as biomass (biomass-to-liquids, BTL) [2]. FTS is considered as a poly-
merization process in which the reaction monomers are formed
in situ via unassisted and H-assisted CO dissociation steps [3–5].
Fe- and Co-based materials are the archetypal and the most inves-
tigated catalysts for FTS [6–9], although Ru is known as the most
active metal for this reaction. Furthermore, higher selectivities to
long-chain hydrocarbons can be achieved with Ru-based catalysts
and the process can be operated in the presence of H2O and other
oxygenate-containing atmospheres, which is an important requi-
site to successfully convert biomass-derived syngas to biofuels
[1,9–12].

Reactions involving CO dissociation steps are known to be
mostly structure-sensitive reactions, that is, rates depend on cata-
lyst particle size; at least, it does within a certain range [5,13]. Con-
tradictory results concerning the effects of Co clusters size on FTS
have been reported previously, although a number of recent stud-
ll rights reserved.
ies have found that Co size indeed possesses a significant influence
on measured rates. Thus, Bezemer et al. [14] investigated Co parti-
cles of different size (2.6–27 nm) as catalysts for FTS at low
(100 kPa) and high pressure (3.5 MPa) and concluded that turnover
frequencies of CO consumption (TOFCO) did not depend on Co par-
ticle size when metallic clusters were larger than 6–8 nm. In con-
trast, normalized rates decreased significantly for smaller Co
clusters. Later, steady-state isotopic transient kinetic analysis
(SSITKA) was carried out in order to determine surface residence
times and coverages of the reaction intermediates, with the aim
of clarifying the origin of these Co size effects [15]. A higher surface
coverage of irreversibly bonded CO was found for smaller Co parti-
cles, which was ascribed to a larger fraction of under-coordinated
surface sites. It was proposed that the decrease in normalized rates
for small Co clusters was caused by a combination of two effects:
blocking of edge/corner sites and a lower intrinsic activity at the
terraces. SSITKA analysis has confirmed the presence of very
strongly bonded carbon and oxygen surface species on the smaller
Co particles that act as site blocking species in FTS reactions [16].
Recently, Prieto et al. [17] have reported optimum FTS activity with
zeolite-supported Co clusters of 10 nm; larger clusters (up to
141 nm) do not exhibit different intrinsic activities, while smaller
particles are less active because of the formation of partially oxi-
dized Co species (Cod+) at the Co-support interface.

Analogous and detailed investigations on the catalytic effects of
Ru clusters size in FTS are scarce, even though Ru catalysts exhibit
the highest reported rates in CO hydrogenation reactions. Some
authors have suggested that Ru particle size plays a key role in
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the performance of these catalysts in FTS [12,18,19]. For instance,
an optimum size of �7 nm in terms of both CO hydrogenation rate
and heavy hydrocarbons productivity has been reported with Ru
clusters deposited on carbon nanotubes [12]. Other reports sug-
gest, however, a lack of relationship between measured reaction
rates and Ru clusters size [20,21]. We anticipate that this struc-
ture-insensitivity may be related to the fact that these latter inves-
tigations have considered a somewhat narrow range of Ru particle
sizes.

SSITKA technique has been used in the last years to investigate
the effects of alkali promotion, H2 pressures, and temperature in
FTS reactions with supported Ru catalysts [22–24]. Here, we have
employed this technique to explore the catalytic effects of Ru par-
ticle size in FTS. We show that H2 + CO turnover frequencies in-
creased with Ru clusters size in the range 4–10 nm, while it
remains fairly constant for larger particles (up to 23 nm). The lower
intrinsic activity of the small Ru particles (<10 nm) may be related
to the strong adsorption of surface species and concomitant block-
ing of active sites.
2. Experimental

2.1. Catalysts preparation

Ru supported on c-Al2O3 (1.8 wt.% metal loading, 240 m2 g�1)
was prepared by the incipient wetness impregnation method. Ru(-
NO)(NO3)3 (31.30%, Alfa Aesar) was dissolved in distilled H2O and
added dropwise to the support. The solid was then dried at room
temperature for 12 h and named as Ru/Al2O3. Different aliquots
(50 mg) were treated under H2 flow (50 cm3 min�1) at increasing
temperatures (523–973 K) and times (1–3 h) in order to obtain
Ru clusters of different size. Catalysts are named here as xRu,
where x denotes the metallic cluster size (nm) determined from
H2 chemisorption data (see later).
2.2. Physicochemical characterization

Total-reflection X-ray fluorescence (TXRF) was used to deter-
mine the exact Ru loading in the fresh Ru/Al2O3 solid following
experimental protocols previously reported [25].

Temperature-programmed reduction (H2-TPR) of the fresh sam-
ple was carried out in a U-shaped quartz reactor. Prior to the
reduction experiment, the sample (15 mg) was flushed with a He
stream at 373 K for 30 min and then cooled down to room temper-
ature. The H2-TPR profile was obtained by heating the sample un-
der a 10% H2/Ar flow (50 cm3 min�1) from 303 to 1173 K at a rate of
10 K min�1.

Dispersion and size of the Ru particles were calculated from vol-
umetric H2 chemisorption data measured on a Micromeritics ASAP
2020 instrument. Experimentally, 150 mg of the fresh sample was
loaded in a U-shaped quartz reactor, where it was initially evacu-
ated at 373 K (10 K min�1) for 30 min. Afterward, the sample was
treated in 10 cm3 min�1 pure H2 at the desired temperature at a
heating rate of 10 K min�1, evacuated under vacuum subsequently
at the same temperature for 0.5 h, and finally, cooled down to
373 K. H2 adsorption experiments were performed at 373 K,
according to previous reports [26]. Adsorbed H2 was determined
by extrapolation to zero pressure of the linear part of the adsorp-
tion isotherm in the interval 0.3–13 kPa and assuming a chemi-
sorption stoichiometry H/Ru = 1 [26].

Micrographs of selected samples were obtained with a JEM-
2100F 200 kV transmission electron microscope (JEOL Ltd.)
equipped with an Oxford INCAx-Sight EDS detector (Oxford Instru-
ments Ltd.). High-angle annular dark-field scanning transmission
electron microscopy (HAADF-STEM) images were obtained upon
operating the microscope in scanning mode with an electron probe
size of 1 nm, and the signal was recorded with an annular dark-
field detector with an inner collection angle of 59 mrad (Z-con-
trast) and a maximum point resolution of 0.1 nm.
2.3. Steady-state isotopic transient kinetic analysis (SSITKA)

Details of the SSITKA apparatus used in this work are reported
elsewhere [27]. Briefly, a quartz microreactor (4 mm inner diame-
ter) was used; the dead volume of the reactor was minimized by
filling the voids with quartz wool and a quartz rod (ø = 3 mm).
The isotopic switches were monitored with a Balzers QMG 422
quadrupole mass spectrometer (MS), and the catalytic activity
was measured on line with a HP5890 gas chromatograph (GC)
equipped with a thermal conductivity and flame ionization detec-
tors to determine the concentrations of C1–C7 hydrocarbons, CO,
H2, and Ar.

Reactant gas flows and pressures were regulated with Bronk-
horst Hi-Tec mass flow controllers (MFC) and pressure controllers
(PC). The switching valve is a Valco 2-position air actuator with a
digital valve interface, with a valve transit time of 20 ms. 12CO
was passed over a carbonyl trap (PbO). The other gases were used
without further purification. The following m/z fragments were re-
corded with the mass spectrometer: H2 (2), 12CH4 (15), 13CH4 (17),
12CO (28), 13CO (29), Ar (40), and Kr (84).

For the SSITKA experiments, ca. 50 mg of sieved catalyst (53–
90 lm pellet size) was mixed with SiC (200 mg; 53–90 lm pellet
size). The sample was pretreated in H2 flow (10 cm3 min�1) at dif-
ferent temperatures and times, depending on the particle size de-
sired taking into account the H2 chemisorption experiments,
followed by cooling to 373 K. The feed was then switched to
12CO/Ar mixture (35 cm3 min�1, 8 kPa CO, 177 kPa inert).

CO chemisorption at 373 K was determined by switching the
12CO/Ar mixture to 13CO/Kr with identical composition and flow
rate (this experiment is denoted as S1). Steady state was reached
after 3 min. Subsequently, the feed was switched back to the
12CO/Ar mixture, and H2 (15 cm3 min�1) was added before record-
ing further experiments. CO chemisorption in the presence of H2

was determined by switching the feed from H2/12CO/Ar to
H2/13CO/Kr (50 cm3 min�1, 5.5 kPa CO, 55 kPa H2, 124.5 kPa inert)
at 373 K (this experiment is denoted as S2) and 523 K (this exper-
iment is denoted as S3). In order to study the catalyst in its most
pristine state, the switch from H2/12CO/Ar to H2/13CO/Kr was car-
ried out 5 min after the onset of the reaction. CO conversion was
maintained below 10%.
2.4. SSITKA data treatment

Assuming a first-order reaction with no readsorption, the
apparent rate constant (k) is given by the reciprocal of the average
residence time for the active surface intermediates.

k ¼ s�1 ¼ TOF � h�1 ð1Þ

where s is the average residence time of the surface intermediates,
TOF is the turnover frequency, and h denotes the surface coverage.
The average residence time is calculated from the area under the
normalized transient curve, Fi(t):

si ¼
Z 1

0
FiðtÞdt ð2Þ

The measured average residence times are corrected for gas phase
hold-up by using the inert switching (Ar to Kr).

Due to the delay of product transient as a consequence of the
adsorption and desorption of CO on the surface, the average resi-
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dence time of the intermediates leading to methane (sCHx) is cor-
rected taken into account this chromatographic effect for CO [28]:

sCHx ;corr ¼ sCHx ;meas � 0:5sCO ð3Þ

The number of adsorbed species (Ni) is calculated from the mean
residence time and the exit flow (EF) of the species i (i = CHx, CO):

Ni ¼ si � EFi;exit ð4Þ

Turnover frequencies are calculated based on the number of active
sites determined by H2 chemisorption.

3. Results and discussion

3.1. Catalyst characterization

The Ru content of the fresh Ru/Al2O3 solid is 1.8 wt.%, as deter-
mined by TXRF. The H2-TPR profile of the fresh sample (not shown)
records a single symmetric peak centered at ca. 483 K that suggests
a uniform distribution of the Ru particles on the support [29]. For-
mation of RuOx–Al2O3 mixed oxide phases can be discarded be-
cause of the absence of further H2 consumption features [24].
This is not unexpected because noble metal nanoparticles depos-
ited on c-Al2O3 require higher temperatures and oxidizing atmo-
spheres to form mixed oxides [30]. Based on the temperature of
the maximum reduction rate, a slightly higher temperature
(523 K) was selected as the lower reduction temperature in order
to obtain the different Ru particle sizes during the thermal treat-
ment in H2 of the fresh sample.

Two techniques were used to establish the Ru mean particle
size of the catalysts namely static H2 chemisorption and STEM.
CO chemisorption from SSITKA could be a complementary method
for evaluating metal dispersion. However, it has been recently re-
ported that whereas SSITKA is a reliable technique for evaluating
Co dispersion, its application for metals such as Ru is limited
[31]. Table 1 depicts Ru clusters’ sizes determined from H2 chemi-
sorption data obtained with the Ru/Al2O3 solid treated in H2 at
increasing temperatures and times. We have found increased Ru
particles with the severity of the thermal treatment [32,33]. Thus,
Ru particles of 4 nm were obtained after the thermal treatment in
H2 at 523 K for 1 h, increasing up to 23 nm after the treatment at
923 K for 3 h. No significant changes in Ru cluster size were ob-
served in the 523–773 K range (not shown).

Selected representative STEM images of the Ru/Al2O3 catalysts
treated at different temperatures along with the particle size distri-
butions are shown in Fig. 1. Ru/Al2O3 solid treated at 523 K for 1 h
exhibits a homogeneous distribution of Ru particles (2.0 ± 0.3 nm;
Fig. 1a). As the severity of the reduction process is increased, the Ru
particles tend to sinter yielding oval-shaped Ru agglomerates
(Fig. 1b and c). A closer inspection of the micrographs of the sample
treated at 923 K (Fig. 1b) shows the presence of non-aggregated
small Ru particles of �1 nm (white circle in Fig. 1b). Consequently,
the histogram shows a bi-modal particle size distribution; the
Table 1
Thermal treatment protocols and size of Ru clusters determined from H2 ch

Sample H2 treatment Dispersion (%)a

Temp. (K) Time (h)

4Ru 523 1 32
5Ru 773 1 27
7Ru 873 1 20
8Ru 923 1 16
12Ru 973 1 11
16Ru 973 2 8
23Ru 973 3 6

a Determined from H2 chemisorption.
smaller particles �1–2 nm are those that have not sintered during
the thermal treatment, whereas the larger particles of �6 nm ac-
count to the sintering of the Ru particles. The longest dimension
of the oval-shaped particles was considered for determining parti-
cle size. A single average particle size of Ru has been calculated
from the bi-modal distribution by using the following equation re-
ported by Borodziński and Bonarowska [34] for a collection of par-
ticles of identical shape but of different sizes:

d ¼
P

inid
3
iP

inid
2
i

ð5Þ

where ni is the number of Ru clusters with diameter di.
Mean Ru cluster sizes calculated from H2 chemisorption data

and STEM images are compared in Table 1. Results derived from
both techniques are in good agreement and reveal that the Ru par-
ticle size increases with the severity of the thermal treatment.

3.2. CO chemisorption on Ru determined by SSITKA

Fig. 2 shows the transients corresponding to the CO/inert switch
at 373 K (experiment S1) with the 4Ru sample (Ru/Al2O3 pre-
treated in H2 at 523 K for 1 h). The H2/CO/inert switch at 373 K
(experiment S2) gave a similar transient behavior (not shown). A
remarkable difference between the inert transients and the CO
transients due to the reversible adsorption of CO on Ru catalysts
is observed [27]. Table 2 reports the ratio of the CO adsorbed (cal-
culated from the residence time) during the transient from 12CO to
13CO at 373 K in the absence and in the presence of H2 (COS1 and
COS2, respectively). This ratio is close to 1, which means that the
amount of CO adsorbed on the catalyst surface is similar in both
cases, i.e., the amount of adsorbed CO seems not to be influenced
by the presence of H2. This observation implies that the average
surface residence time and the surface concentration of reversibly
adsorbed CO on Ru remain constant, notwithstanding the H2 pres-
sure range [24,35]. This strongly suggests that adsorbed CO is likely
the most abundant species on Ru surfaces under these conditions,
as already demonstrated by rigorous kinetic studies on Fe- and Co-
based catalysts [3,4]. This is also consistent with previous reports
showing that the enthalpy of CO adsorption (�DHads) on Co and
Fe catalysts is higher than that corresponding to H2 [3,27].

3.3. Fischer–Tropsch Synthesis studies by SSITKA

Fig. 3 shows the transient behavior of the H2/CO/inert switch
(experiment S3) performed after 5 min of time on stream (TOS)
with the 4Ru sample. Similar transients were obtained with the
catalysts pretreated at increasing temperatures (523–973 K) and
times (1–3 h). The calculated residence times of surface CO (sCO)
and CHx (sCHx) species for all the Al2O3-supported Ru clusters are
reported in Table 2. CO residence time increases as Ru particle size
decreases in the range 4–10 nm. In contrast with previous studies
emisorption data and STEM images.

Cluster size (nm) Exposed Ru (mmol gcat
�1)a

H2-chem. STEM

4 2.0 ± 0.3 0.047
5 – 0.040
7 – 0.030
8 6.0 ± 1.9 0.024

12 12.0 ± 4.0 0.016
16 – 0.012
23 – 0.009
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Fig. 1. STEM images and histograms of the samples: 4Ru (a), 8Ru (b), and 12Ru (c). The inset to 8Ru is a magnification of the region with the smaller Ru particles.
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on Co clusters of similar size [15], our observation suggests a stron-
ger CO adsorption on the smaller Ru particles. Admittedly, the
increasing CO residence time could be also explained by a higher
amount of adsorption sites on the smaller particles. On the con-
trary, the residence time of surface CHx species seems to be inde-
pendent on Ru particles size, at least in the range studied here
(4–23 nm). A different trend has been reported for Co-based cata-
lysts, for which the residence time of surface CHx species increases
as Co cluster size decreases from 6 nm [15]. Such different perfor-
mance may account for the higher ability of Ru clusters to catalyze
the FTS reaction [1]. Since Ru particles are more active than Co
ones, we anticipate that the dependence of sCHx with Ru cluster
size would be observable for Ru clusters smaller than 6 nm.
The ratio of the CO adsorbed during FTS catalysis (experiment
S3; 523 K; 5.5 kPa CO, 55 kPa H2, 124.5 kPa inert) and during CO
adsorption at 373 K (experiment S2; 8 kPa CO, 177 kPa inert) is
shown in Table 2. Similar values of adsorbed CO in both cases
are found, which suggest that adsorption temperature does not
have an important impact on CO adsorption, in agreement with lit-
erature (Ru/SiO2, 513–543 K) [24].

The surface coverage of CHx intermediates was calculated from
Eq. (1), and surface residence times are reported in Table 2, assum-
ing a 1:1 ratio of CHx to the Ru surface atoms [15]. Fig. 4a shows the
variation of the CHx surface coverage with the size of ruthenium
particles. The surface coverage of the intermediates decreased for
Ru cluster sizes below 10 nm, while the values obtained for Ru par-
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Table 2
Summary of CO adsorption and average residence time of surface species (CO and
CHx) obtained from SSITKA experiments.

Ru size (nm)a COS1/COS2
b sCO (s)c sCHx (s)c COS1/COS3

d hCHx
e

4 1.0 9.3 5.4 1.2 0.088
5 1.1 8.1 4.8 1.2 0.118
7 0.9 8.3 5.4 1.3 0.194
8 1.2 8.4 5.4 1.3 0.203

12 1.1 7.0 5.0 1.0 0.330
16 1.0 7.1 4.8 1.0 0.340
23 1.1 7.7 5.7 1.0 0.335

a Based on H2 chemisorption.
b Ratio of the amount of CO adsorbed at 373 K obtained from the transients S1

and S2 (see Section 2.3). The surface residence times are not shown.
c si: residence time of CO and CHx intermediates obtained at 523 K (transient S3,

see Section 2.3).
d Ratio of the amount of CO adsorbed during FTS at 523 K (S3) and the CO

adsorbed during the transient S1 (see Section 2.3).
e hCHx: surface coverage of CHx intermediates.
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ticles larger than 10 nm remain almost constant. Furthermore, the
apparent rate constant (k) of the methanation reaction was calcu-
lated as the reciprocal of the surface residence time of CHx, assum-
ing a first-order irreversible reaction without readsorption [36]. As
shown in Fig. 4b, the values of the rate constant do not vary within
the range of particle sizes studied, which means that the Ru parti-
cle size does not have any effect on the intrinsic site activity
[16,35]. Nonetheless, since the surface coverage of reaction inter-
mediates changes with Ru size (see Fig. 4a), so it does measured
turnover frequencies.

Fig. 5 shows normalized FTS rates (5–10% CO conversion, 523 K,
5.5 kPa CO, 55 kPa H2, 124.5 kPa inert) measured with Ru/Al2O3

catalysts with different metallic clusters size. Maximum rates are
obtained for Ru clusters of �10 nm. In contrast, products selectiv-
ity is not significantly affected by Ru cluster size (4–23 nm, Fig. 6).
The high selectivity to methane (C1) and the relatively low selectiv-
ity to C3+ hydrocarbons account for the high H2-to-CO ratio used in
our investigations (H2/CO = 10) in order to minimize catalyst deac-
tivation problems by carbon deposition [35]. Bell and co-worker
[18] also reported that neither the probability for chain growth
nor the olefin-to-paraffin ratio is affected for Ru dispersions below
0.7, and only a minor decrease in the probability of chain growth is
observed at dispersions above such value. Although dispersion val-
ues and reaction conditions reported in [18] are slightly different
than those reported in our manuscript, the observation that prod-
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Table 3
Turnover frequencies measured for CO consumption (TOFCO) and CH4 formation
(TOFCH4) rates during FTS (523 K; 5.5 kPa CO, 55 kPa H2, 124.5 kPa inert).

Ru size (nm) TOFCO (10�3 s�1)a TOFCH4 (10�3 s�1)a

4 29 23
5 49 36
7 67 51
8 74 56

12 129 97
16 145 107
23 114 86

a Based on H2 chemisorption.
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Fig. 7. Effects of Ru cluster size on turnover frequencies for CO consumption and
CH4 formation rates (523 K; 5.5 kPa CO, 55 kPa H2, 124.5 kPa inert).
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uct selectivity is not severely affected by Ru size is common to both
works.

Table 3 reports turnover frequencies measured with the Ru cat-
alysts in CO conversion (TOFCO) and CH4 formation (TOFCH4) rates.
Both TOFCO and TOFCH4 increase linearly with Ru clusters size for
those samples with Ru < 10 nm, but remain essentially unchanged
for larger particles (10–23 nm; Fig. 7), that is, FTS on Ru is struc-
ture-sensitive when Ru clusters are smaller than 10 nm, but struc-
ture-insensitive for larger aggregates. Our results are consistent
with a recent report that shows that Ru clusters of about 7 nm lead
to optimized FTS catalytic performances in terms of CO consump-
tion rates and productivity to C10–C20 hydrocarbons [12]. Kellner
and Bell [18] reported that the specific activity for the synthesis
of hydrocarbons from CO depended very much on Ru dispersion.
Similar Ru sizes (7 nm) have been also found to yield maximum
reaction rates in NH3 decomposition with Ru/c-Al2O3 catalysts
[33]. The notion of FTS being a structure-sensitive reaction on Ru,
and Co, challenges an early work of Iglesia et al. [21] which re-
ported that the intrinsic activity of Ru surface atoms for the FTS
is not influenced by metal dispersion. This discrepancy could ac-
count to features such as the effect of the support [37]; it should
be remarked that in the work of Iglesia et al. [21], several supports
were used, and/or on how the FTS activity is measured; and this
work is conducted at conversions <10% (differential reactor condi-
tions), whereas higher CO conversions 45–60% (integral reaction
conditions) are reported in [21]. Another important factor to be
also taken into account, although a thorough discussion on this to-
pic is out of the scope of this paper, is that the activity of Ru cata-
lysts for the FTS tends to reach similar values after few hours on
stream, especially for Ru particles >7 nm when working at high
conversion levels (ca. 40%). Hence, comparing reaction rates at
such conditions could hide the determination of the intrinsic rate
of Ru particles.

The number of investigations focused on the effect of Ru size in
FTS reactions is very limited. In contrast, these effects have been
widely studied for Co-based catalysts [14,15,17]. For instance, Pri-
eto et al. [17] have reported that turnover frequency increases from
0.0012 to 0.0086 s�1 (10 wt.% Co/zeolite catalyst, 493 K, 0.6 MPa
CO, 1.2 MPa H2) as the Co particle size increases from 5.6 to
10.4 nm, remaining constant for larger particles. A similar behavior
is also found by other authors [15], who have shown that TOF val-
ues measured with Co particles (1–22 wt.% Co/carbon nanofibers
catalysts, 483 K, 6 kPa CO, 56 kPa H2) increase in the range 2–
6 nm and stay stable hereafter. Recent investigation on model Co
catalysts (1.5–7 wt.% Co/SiO2 catalysts, 513 K, 9.1 kPa CO,
30.3 kPa H2) has also confirmed increasing turnover frequency val-
ues with Co clusters up to 10 nm and stable values for larger aggre-
gates [38]. Similarly, Fe-based catalysts also exhibit enhanced
turnover frequencies from 0.06 to 0.187 s�1 (5 wt.% Fe/Al2O3 cata-
lysts, 573 K, 0.31 MPa CO, 0.63 MPa H2) as Fe clusters increase from
2 to 6 nm, remaining constant for larger Fe particles [39].

This well-documented cluster size effect on the activity of dif-
ferent reactions has been attributed both to electronic and/or geo-
metrical effects [40]. Thus, Herranz et al. [38] have recently
proposed that the decreased ability of small Co clusters to dissoci-
ate H2, evidenced from H2/D2 exchange experiments, may well ex-
plained their lower FTS turnover frequencies.

Usually, step sites of metallic particles are more reactive than
terraces and contribute in a higher extent to measured catalytic
activities with metal nanoparticles [41]. Thus, theoretical calcula-
tions have proved that N2 dissociation during NH3 synthesis with
Ru catalysts occurs predominantly (rates about nine orders of mag-
nitude higher) on Ru (0001) steps than on terraces [42], and these
higher rates have been attributed to a combination of electronic
and geometrical effects. Jacobsen et al. [43] thus concluded that
NH3 synthesis over Ru catalysts is indeed a very structure-sensitive
reaction, the activity depending on the size and morphology of the
crystals, which are also influenced by the chemical identity of the
support material.

Some authors have attributed the stronger CO adsorption on the
smaller metal particles as the explanation for their lower catalytic
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activity on the CO hydrogenation reaction [15,16]. It has been re-
ported that the highest active site effect is caused by changes in
the d-band local density of states (LDOS) at the Fermi energy (EF)
at the steps [41]. Since the chemical behavior of transition metal
surfaces depends on the d state [44,45] and the local reactivity de-
pends on the extent of the backbonding between d orbitals and the
antibonding CO p� orbital [46], the larger d-LDOS of the smaller
particles causes a more pronounced degree of backbonding, hence,
the strengthening of the Ru-C bond and the weakening of the C–O
bond [47]. The direct consequence of this higher degree of backb-
onding is the formation of very strongly bonded carbon and oxygen
surface species on the smallest particles that blocks the active sites
[16]. In this line, den Breejen et al. [15] pointed out to an increased
localization of the valence electrons in the surface Co atoms with
low coordination number as the reason for the stronger or irrevers-
ible CO bonding, whose localization brings about the center of the
d-band to shift upward and a stronger binding of adsorbates (as CO
and carbon and oxygen atoms) to the surface. The decrease in the
Fermi energy with decreasing the metal particle size may explain
the stronger adsorption of CO and dissociated C and O atoms in
the smaller metallic particles.

Here, we have found that the residence time of adsorbed CO
(sCO) increases as the Ru size decreases (<10 nm), which suggests
that either smaller particles exhibit more surface vacancies or
Ru–CO bond is stronger on such small particles. The former
hypothesis would imply that smaller particles should be more ac-
tive for the FTS. We have observed, however, the opposite trend,
and both reaction rate and the TOF for the FTS of the Ru particles
decrease as the Ru size goes below 10 nm. Altogether, these obser-
vations indicate the formation of stronger Ru–CO bonds in smaller
Ru clusters. This line of reasoning is in good agreement with the
observation of higher amounts of irreversible adsorbed CO on
small Co particles [15]. The lower TOF value shown by these small
Ru particles (<10 nm) may be then related to the strong adsorption
of CO intermediates and concomitant blocking of active sites,
which leads to lower measured turnover frequencies in the FTS
reaction. This result is also consistent with a recent theoretical
study of the initial step on the FTS on Ru surfaces, which concludes
on the one hand that a higher coverage of CO will increase CO acti-
vation barrier and that as the particle size decreases the activity for
the formation of hydrocarbons is less [5]. Moreover, this explana-
tion is consistent with the absence of Ru cluster size effects on
products selectivity. These Ru size effects on H2/CO reactions are
analogous to those already reported for Fe- and Co-based catalysts,
and this work provides a general overview of the size effects in FTS
catalysis, irrespective of the identity of the metal used as catalyst.

4. Conclusions

We have found that FTS (523 K, 5.5 kPa CO, 55 kPa H2, and
124.5 kPa inert) with Ru-based catalysts is a highly structure-sen-
sitive reaction when Ru < 10 nm. In this range, turnover frequency
of CO consumption (TOFCO) increases as the particle size increases,
reaching a constant value for Ru particles larger than 10 nm. The
lower TOF shown by Ru clusters <10 nm may be related to the
stronger CO adsorption and concomitant partial blocking of active
sites, as suggested by the decreased CO surface residence time as
the Ru cluster size increases in the range below 10 nm.
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