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a b s t r a c t

A series of 10%Co/ITQ-2 model catalysts have been prepared by combining a reverse micellar synthesis
with a surface silylated ITQ-2 delaminated zeolite. The catalysts display rather uniform Co0 particle size
distributions in the 5–11 nm range as ascertained by XRD, H2-chemisorption and (HR)TEM. Additionally,
a low dispersed 30%Co/SiO2 reference sample (d(Co0) = 141 nm) has been prepared by supporting a Co3O4

nanopowder on spherical SiO2. H2-TPR and DR UV–vis spectroscopy reveal that the preparative approach
leads to highly reducible catalysts in the d(Co0) range of 5.6–141 nm, while the activation energies for the
stepwise Co3O4 ? CoO ? Co0 reduction are found to be particle size dependent. Formation of barely
reducible surface and bulk Co silicate species is observed for samples with d(Co3O4) 6 5.9 nm. Under real-
istic Fischer–Tropsch synthesis conditions (493 K, 2.0 MPa) the TOF increases from 1.2 � 10�3 to
8.6 � 10�3 s�1 when d(Co0) is increased from 5.6 to 10.4 nm, and then it remains constant up to a particle
size of 141 nm. In situ and at work FTIR of adsorbed CO reveal a severe cobalt surface reconstruction
towards more open crystal planes and/or defect sites (Co–carbonyl bands in the region of 2000–
2025 cm�1) and suggest adsorbed C adatoms (surface carbidic species), derived from CO dissociation,
as the true restructuring agent. Under FTS conditions, this Co surface reconstruction occurs similarly irre-
spective of the metal particle size. Moreover, an enhancement in the proportion of Co–SiO2 interfacial
Cod+ sites (Co–CO band at 2060 cm�1) takes place particularly in small cobalt nanoparticles (5.6 nm)
likely as a consequence of nanoparticle flattening, as suggested by TEM after catalysis. These Co–SiO2

interfacial sites are tentatively proposed as responsible for the decreased TOF observed for
d(Co0) < 10 nm.

� 2009 Elsevier Inc. All rights reserved.
1. Introduction

The Fischer–Tropsch synthesis (FTS) is at the core of the gas-to-
liquids (GTLs) processes which have recently received a renewed
interest as a versatile catalytic route for producing high quality ul-
tra-clean fuels from synthesis gas or syngas (CO + H2) [1]. This
interest is mainly driven by the increasingly stringent environmen-
tal legislation on transportation fuels and the possibility to mone-
tise abundant and remote natural gas reserves as well as
renewable biomass sources with independence from the petro-
leum supply [2]. Of particular interest is the Fischer–Tropsch-de-
rived (or synthetic) diesel fuel, which displays substantially
higher cetane number (typically above 70) than that obtained in
conventional refineries from crude oil while being virtually free
of environmentally harmful sulphur. Cobalt-based catalysts are
ll rights reserved.
preferentially applied in FTS processes aimed at producing precur-
sors of the synthetic diesel owing to their high selectivity towards
long chain n-paraffins, their remarkable stability and their lower
activity for the competing water gas shift reaction (WGSR) as com-
pared to alternative catalysts based on iron [3].

As metallic Co0 sites are the active species in FTS, an intense ef-
fort has been devoted to prepare novel catalysts with improved
metal dispersion as a reasonable strategy enhance the amount of
exposed metallic cobalt atoms. In this sense, preparative routes
such as homogeneous deposition–precipitation [4], electrostatic
adsorption of Co complexes [5] or mixed sol–gel procedures [6]
have been applied to prepare Co-based catalysts with improved
metal dispersion. In addition, the use of catalytic supports having
advanced textures such as ordered mesoporous silicas [7–9],
delaminated zeolites [10], high surface area carbon [11] or nanofi-
brous inorganic materials [12] and the optimisation of the thermal
history during activation of the precursor materials [13] have
allowed to prepare FTS catalysts comprising very small cobalt
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nanoparticles. Nevertheless, in most cases the original expectation
of an improved catalytic activity in highly dispersed Co catalysts
has turned into unexpectedly low reaction rates as well as de-
creased selectivities to the desired long-chain hydrocarbons
[7,9,10]. This decreased catalytic activity and selectivity towards
heavy products have been traditionally ascribed to the existence
of unreduced Co species after the reductive pre-treatments, as a
consequence of the much lower reducibility displayed by very
small Co nanoparticles when supported on typical inorganic carri-
ers (SiO2, Al2O3 or TiO2) [9,14,15]. Other authors, however, claimed
a cobalt particle size effect as responsible for the lower intrinsic
(per Co0 site) catalytic activity (usually expressed as turnover fre-
quency or TOF) observed in highly dispersed catalysts [16–19],
although the possibility of a certain disguise due to the presence
of unreduced Co species could not be ruled out in the majority of
the cases [16,17]. Contrary, dissenting results reporting the ab-
sence of a clear correlation between particle size and the intrinsic
catalytic activity can also be found [20–22].

Thus, the true influence of cobalt particle size has been a long-
lasting debate in the FTS literature. It is widely accepted, as shown
by Iglesia and co-workers [21], that the intrinsic site reaction rate
does not depend on the Co particle size in the range of ca. 10–
200 nm where highly reducible catalysts can be obtained by con-
ventional preparations, such as impregnation. Recently, Bezemer
et al. [19] succeeded in studying the effect of particle size on the
catalytic rate by using Co catalysts supported on inert carbon
nanofibres (Co/CNFs) which can be completely reduced, using
standard procedures, while displaying metal particle sizes in the
elusive range of 3–10 nm. Their results pointed to a non-classical
structure sensitivity where TOF continuously increases with
increasing metal particle size up to an optimum d(Co0) of 6–
8 nm and remains invariant for larger particles. This behaviour dif-
fers from the classical structure sensitivity which is related to the
metal surface crystallographic anisotropy and becomes apparent
only when the particle size is reduced typically below 3–4 nm
[23]. A particle size-dependent metal surface reconstruction during
the Fischer–Tropsch reaction has been proposed as a suitable
explanation on the basis of the reported ability of CO to reorganise
metallic surfaces and the experimental EXAFS results showing a
decrease in the mean Co coordination number under FTS condi-
tions [19]. Thus, the particle size effects have been tentatively con-
nected to structural changes suffered by the catalyst when exposed
to syngas under FTS conditions.

Many recent studies have contributed with valuable knowledge
on the elucidation of the preferred structure of the metallic sites
for CO adsorption and reaction [24,25] and the chemical modifica-
tions, such as re-oxidation due to the high water partial pressure
[26,27], as well as on the structural changes, such as an adsor-
bate-induced surface reconstruction [28–30], experienced by co-
balt in the course of FTS. Nevertheless, since most of these
studies are based on DFT theoretical calculations [25,30] or employ
single-crystal foils in the operando spectroscopic experiments
[28,29], some difficulties arise to link their results with other
experimental facts that seem to be exclusive of real supported Co
catalysts, such as the particle size influence on the intrinsic activity
and selectivity. The overcoming of this ‘‘materials gap” prompts to
the use of novel model catalysts which should combine controlled
and well-defined features (i.e. metal dispersion, reducibility) with
a nature as close as possible to the realistic catalytic systems (as
those employed in the GTL processes). The in situ characterisation
of these model catalysts under certain modelling conditions or ‘‘at
work” during realistic catalytic experiments is expected to provide
insight on the cause for the experimentally observed particle size-
dependent activity and selectivity in the Co-catalysed FTS.

In this sense, we recently reported the preparation of nearly
monodispersed Co/ITQ-2 catalysts by combining an ex-support
control of the metal dispersion using reverse micelles with a sur-
face-silylated delaminated ITQ-2 zeolite. This methodology allows
for an enhanced reducibility for Co nanoparticles of only 4–5 nm in
size, at industrially relevant metal loadings (10 wt%) [31]. Preli-
minary results presented in that work showed a marked decrease
in TOF for very small Co nanoparticles (4–5 nm), as compared to
larger particles (>10 nm), in spite of their high reducibility. In the
present work, this approach is extended to prepare model Co/
ITQ-2 catalysts with narrow particle size distributions in the range
<10 nm where the size-dependent intrinsic activity has been
shown to occur. The model catalysts are structurally characterised
to gain insight on all their features that are size dependent, and
evaluated in the FTS under realistic conditions. Finally, in situ and
operando characterisation by FTIR of adsorbed CO are performed
to evaluate the occurrence of structural changes upon exposure
to CO or syngas and their consequences in connection with the
size-dependent activity are discussed.
2. Experimental

2.1. Preparation of catalysts

2.1.1. Synthesis of delaminated ITQ-2 zeolite
All silica delaminated ITQ-2 zeolite was synthesised following

the procedure developed at the ITQ and reported elsewhere [32].
In brief, the interlaminar space of a layered zeolite precursor hav-
ing MWW structure was swelled by dispersing it in an aqueous
solution of cetyltrimethylammonium bromide (CTABr, 29 wt%)
and tetrapropylammonium hydroxide (TPAOH, 40 wt%) under re-
flux conditions for 16 h. The zeolitic layers were afterwards forced
apart by sonication (50 W, 40 kHz) for 1 h and the solid recovered
by centrifugation after the pH was lowered to 2 by addition of
HCl(aq). The obtained solid was then calcined in flowing air at
823 K for 5 h to remove the organic material.

2.1.2. Surface silylation of ITQ-2
The surface silylation of the siliceous support has been shown to

be crucial in attaining high reducibilities for highly dispersed cat-
alysts due to the protective role of the surface organic capping,
avoiding reaction of Co2+ against the surface silanol groups during
the decomposition of Co precursors [31]. The calcined ITQ-2 was
degassed at 573 K for 2 h and suspended under protective N2

atmosphere in a solution of 1,1,1,3,3,3-hexamethyldisilazane
(HMDS) as silylating agent in toluene having the molar ratios 1
ITQ-2 (SiO2): 0.15 HMDS: 10 toluene. The suspension was refluxed
under flowing N2 and then filtered, washed extensively with tolu-
ene and dried at room temperature overnight [33]. To completely
remove the excess of organic moieties, the silylated ITQ-2 was fur-
ther refluxed in excess ethanol overnight, filtered, washed with
ethanol and dried at 373 K. The silylated ITQ-2 support is denoted
as S/ITQ-2 along the work.

2.1.3. Incorporation of cobalt
Cobalt nanoparticles were synthesised in a reverse micellar

medium following the previously reported procedure [31] with
some modifications. In the present case, to extend the range for
the metal particle size, a double microemulsion system has been
used. A first reverse microemulsion was prepared by dissolving
the non-ionic surfactant Triton X114 ((1,1,3,3-Tetramethylbu-
tyl)phenyl-polyethylene glycol, Aldrich) in cyclohexane (Scharlau
Chimie, reagent grade). The concentration in surfactant has been
varied in the range 0.06–1.3 M. Then, 2-propanol (Aldrich, 99.5%)
was added as a modifier of the organic phase in a 2-propanol/
cyclohexane molar ratio of 1.7. The organic solution was stirred
at room temperature while displacing the air by an Ar flow. An
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aqueous solution of Co(NO3)2�6H2O (Aldrich) was then added to
the organic solution of the surfactant to generate a pink-coloured
transparent microemulsion. The cobalt concentration in the aque-
ous solution was also varied in the range 0.05–3.0 M.

Additionally, a twin reverse microemulsion was prepared in the
same way containing hydrazine (N2H4�H2O, 98% Aldrich) as reduc-
tive reagent in the aqueous phase instead of cobalt. The amount of
hydrazine used was set to 8, 10 or 16 folds (see Table 1) that re-
quired to ideally completely reduce the cobalt species according
to the stoichiometry given by Eq. (1)

2Co2þ þ N2H4 þ 4OH� ! 2Coþ N2 þ 4H2O: ð1Þ

The hydrazine-bearing microemulsion was added to the cobalt
containing microemulsion under sweeping Ar. A light brown sus-
pension appeared whose colour shade depends on the microemul-
sion parameters as an indication of different sizes of particles
growing in the reverse micellar medium. It should be remarked
that hydrazine is not able to reduce Co2+ ions to Co0 at room tem-
perature and, indeed, a hydroxi-hydrazine complex is formed
[34,35]. Nevertheless, nucleation and growth of this complex is
influenced by the parameters of the microemulsion (Table 1) and
thus size control on the final Co particle can be effected through
this preparative route. The suspension was stirred under Ar for
3 min and then the support (S/ITQ-2) added and the suspension
sonicated under Ar for 1 min to properly disperse the support
nanosheets. The amount of support was set to yield a 10 wt% cobalt
loading in the catalysts. Afterwards, tetrahydrofurane (HPLC grade,
Aldrich) was added dropwise under flowing Ar to ensure a com-
plete destabilisation of the micelles and deposition of cobalt–
hydrazine complexes on the support. The solid was then filtered,
washed exhaustively with n-heptane and ethanol, and dried at
room temperature overnight. Finally, the catalyst was calcined by
slowly heating the sample (1 K/min) from room temperature to
773 K in flowing diluted air (air:N2 = 1:1 vol/vol) to allow for a
slow decomposition of the Co precursors and crystallisation of Co
oxides. Then, the flowing gas was switched to pure air and the tem-
perature maintained at 773 K for three additional hours in order to
remove the remaining surfactant and the anchored trimethylsilyl
groups. Calcination of the catalysts is performed aiming at both
crystallising Co as Co3O4 and removing the organic surface groups
thus leading to model oxide supported Co catalysts that would be
more representative of industrial Co-based FTS catalysts. Model
Co/ITQ-2 catalysts have been denoted as 10%Co/ITQ(x), where
x = 1–7 depending on the microemulsion employed in their prepa-
ration, as collected in Table 1.

An additional low-dispersed model catalyst has been prepared
by supporting commercial nanosized Co3O4 (Aldrich) on a porous
SiO2 (Silica-gel 100, Fluka). The Co3O4 nanopowder was co-sus-
pended in ethanol with the required amount of the silica carrier
Table 1
Details of the reverse microemulsion parameters and the reductant amount employed
to prepare the Co/ITQ-2 model catalysts.

Catalyst R (mol/mol)a [Co]aq
b (mol/L) [Surf]org

c (mol/L) Red.d Excess

10%Co/ITQ(1) 50 3.0 0.06 8
10%Co/ITQ(2) 25 1.65 0.13 8
10%Co/ITQ(3) 10 0.56 0.65 8
10%Co/ITQ(4) 7 0.30 0.65 8
10%Co/ITQ(5) 5 0.24 0.65 8
10%Co/ITQ(6) 5 0.10 0.80 10
10%Co/ITQ(7) 5 0.05 1.30 16

a R: water-to-surfactant molar ratio.
b Cobalt molar concentration in the aqueous phase.
c Surfactant concentration in the organic solvent.
d Number of times hydrazine is in excess with respect to the stoichiometric

amount according to (Eq. (1)) (see text).
to yield 30 wt% Co loading and the suspension was sonicated for
30 min. The solvent was then removed in a rotary evaporator
and the solid finally dried and air-calcined as previously described
for Co/ITQ-2 catalysts. The metal loading has been set to 30% in this
catalyst (sample named as 30%Co/SiO2) aiming at attaining the de-
sired CO conversion level (�10%) within the range of experimental
conditions allowed by the reactor volume and gas-flow meters
during the catalytic experiments.

2.2. Characterisation techniques

The amount of Co in the calcined catalysts was determined by
ICP-OES in a Varian 715-ES spectrometer after complete dissolu-
tion of the solids (ca. 20 mg) in a HNO3/HF/HCl solution (1/1/3 vol-
ume ratio). Elemental analysis was also performed in a Fisons
EA1108 instrument using sulphanilamide as standard to determine
the carbon content in the catalytic supports and the calcined
catalysts.

The N2 adsorption–desorption isotherms for the ITQ-2 and com-
mercial SiO2 supports were measured in a Micromeritics ASAP
2000 equipment. The samples (ca. 200 mg) were degassed at
673 K (pristine ITQ-2 and commercial SiO2) and at 473 K (S/ITQ-
2) for 24 h prior to analysis. Specific surface areas were estimated
by using the B.E.T. approach. Pore size distributions were obtained
by applying the B.J.H. formalism to the adsorption branch of the
isotherms.

X-ray diffraction patterns were acquired at room temperature
in a Phillips X’pert diffractometer using monochromatised CuKa
radiation. The average particle size of Co3O4 in the calcined cata-
lysts was estimated from the Scherrer’s equation applied to the
most intense (311) diffraction (2h = 36.9�) using a shape factor
K = 0.9. The FWHM of the peak was determined after Gaussian fit-
ting using the Philips APDW software and quartz (Merck) for deter-
mination of the instrumental broadening. The mean Co0 particle
size in reduced catalysts (d(Co0)x, where the suffix X denotes
XRD) was then obtained from the corresponding Co3O4 particle
size by applying the molar volume correction [36]: d(Co0)x = 3/
4d(Co3O4).

Diffuse reflectance (DR) UV–vis spectra were collected at room
temperature for selected calcined Co/ITQ-2 catalysts in a Cary 5
apparatus equipped with a ‘‘Praying Mantis” attachment from Har-
rick. BaSO4 was used as reflectance standard.

The reduction behaviour of the supported cobalt phases was
studied by hydrogen temperature-programmed reduction (H2-
TPR) in a Micromeritics Autochem 2910 apparatus. About 30 mg
of sample was initially flushed with an Ar flow at room tempera-
ture for 30 min, then the gas was switched to 10 vol% H2 in Ar
and the temperature increased up to 1173 K at a heating rate of
10 K/min. A downstream 2-propanol/N2(liq) trap was used to retain
the water generated during the reduction. The H2 consumption
rate was monitored in a thermal conductivity detector (TCD) pre-
viously calibrated using the reduction of CuO as reference. In the
same equipment, the degree of reduction (DR) attained after reduc-
tion in flowing H2 at 723 K for 10 h (the same pre-treatment ap-
plied prior to catalysis) has been estimated for selected catalysts
following the experimental procedure detailed in [12].

Cobalt dispersion was determined by H2-chemisorption at
373 K in an ASAP 2010C Micromeritics equipment by extrapolating
the total gas uptakes in the H2 adsorption isotherms at zero pres-
sure, according to the procedure recommended by Bartholomew
et al. [37]. Prior to adsorption, the samples (0.2–0.8 g) were pre-
treated in flowing He at 393 K for 1 h. Afterwards, the samples
were reduced in situ by flowing pure H2 and raising the tempera-
ture to 723 K at a heating rate of 1 K/min and maintaining this
temperature for 10 h. After reduction, the samples were degassed
at 1.3 Pa and the temperature lowered to 373 K. Co0 particle sizes



Table 2
Textural properties and carbon content for the pristine and silylated ITQ-2 support.

Sample Area (B.E.T.) (m2/
g)

PVa (cm3/
g)

MPVb (cm3/
g)

Carbon content
(wt%)

ITQ-2 761 0.92 0.02 0.54
S/ITQ-

2
546 0.74 0.02 7.00

SiO2 387 0.80 n.d.c n.d.

a Total pore volume.
b Micropore volume.
c Not determined.
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(d(Co0)H, where the suffix H stands for H2-chemisorption), were
estimated from the total amount of chemisorbed H2, assuming a
H/Co = 1 atomic ratio stoichiometry, Co content (from ICP-OES),
complete reduction of cobalt (as ascertained by H2-TPR) and a
hemispherical particle geometry with a surface atomic density of
14.6 atoms/nm2.

Medium resolution transmission electron microscopy (TEM)
characterisation was performed with a Philips CM10 device oper-
ated at 100 kV. High resolution (HR)TEM observation of selected
samples was carried out in a Tecnai G2 field emission gun equipment
working at 200 kV. Before microscopy observation, the samples
were prepared by suspending the solid in ethanol and submitting
the suspension to ultrasonication for one minute. Afterwards, the
suspension was let to slowly decant for two minutes and a drop
was extracted from the top side and placed on a holey carbon-
coated copper grid (200 mesh). The catalysts were previously re-
duced in flowing pure H2 for 10 h at 723 K and stored at room tem-
perature under a <1 vol% O2/N2 passivating atmosphere until
sample preparation for microscopy. In the case of ‘‘spent” catalysts,
the samples were extracted from the reactor after controlled step-
wise exposure to air and directly transferred into a Schlenk flask
under a passivating atmosphere. Metal particle size distributions
were generated upon measurement of 150–200 particles coming
from several images taken at different positions on the TEM grid.
The surface-averaged mean particle size was calculated as

dðCo0ÞT ¼
P

i
ni �ðdiÞ3P
ni � dið Þ

2 (the suffix T stands for TEM) and the standard

deviation as r ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP
i
ni � di�dðCo0ÞTð Þ2P

ni

s
, where ni is the frequency of

occurrence of each di size.
The nature of surface metallic sites in selected model catalysts

has been studied by infrared spectroscopy employing adsorbed
CO as a probe molecule on a Bio-Rad FTS-40A spectrometer using
a quartz infrared cell fitted with KRS-5 windows and an external
furnace. Two kinds of experiments were performed prior to which
the samples were submitted to a common pretreatment as follows:
The catalysts were ex situ reduced in flowing pure H2 at 723 K for
10 h and stored at room temperature under the passivating atmo-
sphere. The solids were then pressed into self-supported wafers
(5–10 mg/cm2) and reduced again in the IR cell in flowing H2 at
623 K for 2 h to avoid the presence of any oxidised Co species pro-
duced by passivation or reoxidation during sample handling. After
the reductive pretreatment, the samples were outgassed under
vacuum (ca. 10�5 mbar) at 673 K (50 K above the reduction tem-
perature) to allow for the displacement of any H2 adsorbed on
the metal surface. The samples were then cooled to room temper-
ature (RT) under vacuum. A set of experiments was performed at
RT on the in situ reduced samples by stepwise pulsing different
amounts (5–250 mbar) of CO (99.97% Purity, Linde) and recording
the spectra after each dosage. After the last pulse (250 mbar CO),
the samples were outgassed (10�5 mbar) at RT and the stepwise
CO dosage repeated again from 5 to 250 mbar while recording
the spectra. A second set of experiments was performed by flowing
synthesis gas through the IR cell to study the catalysts at work in
the FTS at atmospheric pressure. The reduced samples were ex-
posed to a flow (50 mL/min) of CO/H2/Ar in a volume ratio 30/
60/10 (Ar as inert diluent) at RT for 1 h to ensure a homogeneous
atmosphere in the cell. Then, the temperature was increased step-
wise to 383 K, 433 K, 473 K and finally to 493 K, that is, the temper-
ature applied for the FTS in the high-pressure catalytic tests and
maintained at this temperature for 4 h. The IR spectra were re-
corded after 5 min at each temperature and after 3, 120, 210 and
240 min on-stream at the final temperature (493 K). After the reac-
tion, the catalysts were cooled to RT and outgassed before record-
ing an evacuation spectrum.
2.2.1. Fischer–Tropsch synthesis catalytic tests
The Fischer–Tropsch synthesis (FTS) was carried out in a down-

flow fixed-bed stainless steel reactor, as detailed elsewhere
[10,12], employing 0.5–1.5 g of catalyst in the calcined form
(0.25–0.42 mm pellet size) previously diluted with SiC granules
(0.6–0.8 mm) to attain a bed volume of 6.4 cm3. Prior to catalysis
the catalyst was reduced in situ at atmospheric pressure in flowing
pure H2 (200 cm3/(min gcat)) at 723 K for 10 h (1 K/min heating
rate). After reduction the temperature was lowered to 373 K under
the flow of H2, and subsequently a flow of a mixture of CO, H2 and
Ar (CO:H2:Ar volume ratio of 3:6:1, Ar used as internal standard)
was established through the reactor, the reaction pressure in-
creased up to 2.0 MPa, and the temperature raised up to 493 K at
a rate of 4 K/min. A pseudo-steady catalytic behaviour was usually
attained at time-on-stream (TOS) above 7–8 h. The space velocity
was adjusted in each case to attain a pseudo-steady CO conversion
of 10 ± 2%. C1–C15 hydrocarbons, unreacted CO, Ar and CO2 were
analysed on line in a GC (Varian 3800) while heavier hydrocarbons
were collected in a hot trap and analysed off line in the same GC as
previously described [10,12]. Product yields and selectivities are
given on a carbon basis.

3. Results and discussion

3.1. Characterisation of catalytic supports

Table 2 collects the textural properties of the pristine pure silica
ITQ-2 support as well as the surface silylated S/ITQ-2 counterpart
as determined by N2 adsorption. ITQ-2 displays a rather high sur-
face area (761 m2/g) and pore volume (0.92 cm3/g) while it dis-
plays a very low micropore volume (0.02 cm3/g) consistent with
the delayered nature of this material [32]. Thus, most of the mea-
sured B.E.T. surface area corresponds to external surface. The sur-
face area and pore volume are decreased to a certain extent (28%
and 20%, respectively) upon surface silylation as shown in Table
2 for S/ITQ-2, which obviously does not display remarkable micro-
porosity. Table 2 also gathers the carbon content for both samples.
As observed, the pristine calcined ITQ-2 sample contains 0.54 wt%
C indicating that removal of the organic moieties coming from the
swelling agents and the organic structure-directing agent em-
ployed in the synthesis of the MWW layered precursor is not com-
pletely accomplished after the air-calcination at 823 K. The surface
silylation leads to an increase in the carbon content up to 7.0 wt%
which is consistent with a surface coverage of ca. 1.5 anchored tri-
methylsilyl organic groups per nm2. TEM characterisation confirms
the delayered nature of the silylated support. Fig. 1 depicts a rep-
resentative TEM image for S/ITQ-2 showing the presence of indi-
vidual plate-like nanosheets with limited contrast owing to their
very fine thickness as a result of the delamination of the layered
MWW precursor, which typically displays a platelet aspect. Addi-
tionally, some fibre-like morphologies are also found probably de-
rived from original crystals displaying aspect ratios closer to a
needle-like morphology.



Fig. 1. Representative TEM image for the surface-silylated ITQ-2 support (S/ITQ-2)
showing the presence of zeolitic nanosheets obtained by delamination of the
layered MWW precursor.
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On the other hand, the employed amorphous commercial silica
gel displays a B.E.T. surface area of 387 m2/g and a pore volume of
0.8 cm3/g as also gathered in Table 2.

3.2. Metal content and dispersion in Co catalysts

Cobalt contents, experimentally determined by ICP-OES, agree
well (within ±10% error) with the nominal metal loadings for all
catalysts, as collected in Table 3. This indicates that cobalt is nearly
quantitatively deposited on the S/ITQ-2 support from the reverse
micellar medium employed to ex-support disperse the metal. Re-
sults in Table 3 also show that calcined Co/ITQ-2 model catalysts
display carbon contents in the 0.52–0.83 wt% range essentially
due to the residual carbonaceous species already found in the pris-
tine ITQ-2 support after its calcination (Table 2), as previously
mentioned. Nevertheless, a small increase in carbon content of
up to 0.29 wt% is found in some samples indicating that a complete
removal of the organic moieties (i.e. anchored trimethylsilyl
groups or remaining surfactant from the reverse microemulsion)
was not always accomplished upon air-calcination at 773 K. This
increase in carbon content seems to take place randomly and no
correlation between the carbon gain and the amount of surfactant
employed in the catalyst preparation (Table 1) is found. Finally,
30%Co/SiO2 is C-free as no organic substances were employed in
its preparation.

As already mentioned in Section 2, the characteristics of the re-
verse micellar medium employed in the preparation of the Co/ITQ-
2 model catalysts were intentionally varied aiming at obtaining a
battery of catalysts with different metal dispersions in the range
where particle size effects have been claimed to become apparent
Table 3
Cobalt loadings and carbon contents as determined by ICP-OES and elemental
analysis, respectively.

Catalyst Co (wt%) Carbon content (wt%)

10%Co/ITQ(1) 9.3 0.64
10%Co/ITQ(2) 9.0 0.52
10%Co/ITQ(3) 9.6 0.74
10%Co/ITQ(4) 10.1 0.83
10%Co/ITQ(5) 10.5 0.54
10%Co/ITQ(6) 9.4 0.61
10%Co/ITQ(7) 9.6 0.58
30%Co/SiO2 28.7 n.d.a

a Not determined.
for the FTS (i.e. <10 nm). As seen in Table 1, the surfactant concen-
tration in the organic phase ([Surf]org) is progressively increased
while the water-to-surfactant molar ratio (R) and the molar con-
centration of metal precursor in the aqueous core of the reverse
micelles ([Co]aq) are decreased to gradually increase metal disper-
sion in the order 10%Co/ITQ(1) < � � �< 10%Co/ITQ(5), as will be
shown later. In order to further increase metal dispersion (i.e. de-
crease Co particle size), the stoichiometric excess of hydrazine
has been complementarily increased from 8 to 10 and 16-folds to
obtain samples 10%Co/ITQ(6) and 10%Co/ITQ(7), respectively. The
higher concentration in hydrazine enhances the rate of nucleation
processes against the corresponding rate of cluster growth [38].
This effect, along with the enhanced ‘‘cobalt compartmenting” ex-
erted by the metal and surfactant concentrations in the aqueous
and organic phases, respectively, should allow for a further in-
crease in metal dispersion.

Metal dispersion in oxidised Co catalysts was studied by means
of XRD. The spinel Co3O4 (JCPDS 42-1467) was the only crystalline
Co phase detected for samples 30%Co/SiO2 and 10%Co/ITQ(1–5).
Besides, as shown in Fig. 2 as a detailed diffractogram showing
the most intense (311) peak of Co3O4 in selected catalysts, differ-
ences in line broadening are evident, as a result of changes in metal
particle size. An analysis performed on the diffractograms by
applying the Scherrer’s equation shows a cobalt oxide particle size,
d(Co3O4)X, of 125 nm for 30%Co/SiO2. This relatively low metal dis-
persion is in concordance with the employment of a commercial
nanosized Co3O4 powder in the preparation of this model catalyst.
Additionally, d(Co3O4)X progressively decreases from 12.5 to
5.9 nm, corresponding to d(Co0)X = 9.4–4.4 nm in the reduced cata-
lysts (Table 4) for samples 10%Co/ITQ(1–5), as a result of the parti-
cle size control exerted by the reverse microemulsions employed
in their preparation. By contrast, no XRD-detectable Co oxide
phases were evident in samples 10%Co/ITQ(6) and 10%Co/ITQ(7)
which might be related to the absence of Co3O4 or to its presence
as XRD-silent very small crystallites, in line with the higher metal
dispersion expected for these catalysts according to their prepara-
tion parameters (Table 1). Very weak diffractions at 2h = 36.6� and
44.5�, which might be ascribed to a-Co2SiO4 (JCPDS 15-0865), are
found for 10%Co/ITQ(7) (see Fig. S1 in the Supplementary
material).

Metal dispersion was also determined on pre-reduced catalysts
by H2-chemisorption from the total H2-uptakes. The corresponding
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Fig. 2. X-ray diffractograms for (a) S/ITQ-2 (support) and the calcined catalysts (b)
10%Co/ITQ(5), (c) 10%Co/ITQ(4), (d) 10%Co/ITQ(2), (e) 10%Co/ITQ(1) and (f) 30%Co/
SiO2, showing the differences in line broadening for the (311) diffraction of Co3O4.



Table 4
Results for metal dispersion in the model catalysts as derived from XRD, TEM and H2-chemisorption characterisation.

Catalyst XRD H2-Chemisorption TEM

d(Co3O4) (nm) d(Co0)X
a (nm) H2-uptake (lmol/g) Db (%) d(Co0)H (nm) d(Co)T

c (nm) rd (nm)

30%Co/SiO2 125 94 16.6 0.7 141 183 56
10%Co/ITQ(1) 12.5 9.4 83 9.6 10.4 12.8 3.4
10%Co/ITQ(2) 9.9 7.4 82 11.2 8.9 8.2 2.0
10%Co/ITQ(3) 9.1 6.8 122 13.6 7.3 n.d. n.d.
10%Co/ITQ(4) 6.8 5.1 161 17.8 5.6 6.3 1.5
10%Co/ITQ(5) 5.9 4.4 n.d.e n.d. n.d. n.d. n.d.

a Mean Co0 particle size as estimated from the corresponding d(Co3O4) by applying the molar volume correction: d(Co0) = 3/4 d(Co3O4).
b Metal dispersion.
c Surface-averaged mean particle size, corrected by the observed surface or total reoxidation.
d Standard deviation for the particle size distribution.
e n.d. = Not determined.
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metal dispersions (D) and mean Co particle sizes (d(Co0)H) are
collected in Table 4. As observed, 30%Co/SiO2 displays low metal
dispersion (0.7%) corresponding to large d(Co0)H = 141 nm in line
with the XRD results. Nevertheless, d(Co0)H is substantially higher
than that estimated from the XRD characterisation on the corre-
sponding calcined counterpart (d(Co0)X = 94 nm), which suggests
that metal sintering took place upon H2 reduction of this sample,
owing to a limited interaction between the Co3O4 powder and
the spherical SiO2 particles. On the other hand, 10%Co/ITQ(1–4)
model catalysts display metal dispersions in the range 9.6–17.8%,
corresponding to d(Co0)H ranging 10.4–5.6 nm. In this case,
d(Co0)H estimated by chemisorption nicely agrees with the values
derived from the XRD analysis on the calcined samples, though
d(Co0)H are systematically slightly higher (7–20%) than the corre-
sponding d(Co0)X, pointing to the occurrence of a certain but lim-
ited sintering of Co nanoparticles during reduction.

Additionally, TEM was performed on pre-reduced and passiv-
ated catalysts. Fig. 3 shows representative medium-resolution
TEM micrographs for 10%Co/ITQ(4), 10%Co/ITQ(2), 10%Co/ITQ(1)
and 30%Co/SiO2 model catalysts. As shown in the pictures,
round-shaped cobalt nanoparticles (higher contrast) dispersed on
the ITQ-2 nanosheets (less contrasted against the carbon coating
of the TEM grid) are observed in all the Co/ITQ-2 catalysts. The par-
ticle size distributions, also depicted in Fig. 3, show a nearly mono-
modal, rather narrow Gaussian-like behaviour with d(Co0)T of 12.8,
8.2 and 6.3 nm for 10%Co/ITQ(1), 10%Co/ITQ(2) and 10%Co/ITQ(4),
respectively. As collected in Table 4, the standard deviations for
the surface-averaged particle size distributions lay in the range
1.5–3.4 nm (corresponding to 22–24% in all cases) for the Co/ITQ-
2 catalysts and it increases with increasing Co particle size, maybe,
as a result of a decreased homogeneity in the metal particle size
when larger micelles (higher R, see Table 1) are employed in the
microemulsion. The values for d(Co0)T have been estimated by cor-
recting for the volume contraction of a 3-nm thick CoO surface
layer observed for passivated 10%Co/ITQ(1) and 10%Co/ITQ(2),
while total reoxidation to CoO has been considered for correcting
the particle size measured in 10%Co/ITQ(4), for which the smaller
particle size makes it more prone to undergo reoxidation during
passivation and sample handling. Indeed, Fig. 4 depicts a represen-
tative HRTEM image for 10%Co/ITQ(4) showing metal nanocrystals
of 6–8 nm in size displaying a lattice spacing of 2.1 Å, typical of the
(200) crystallographic plane of CoO, thus, corresponding to Co0

nanoparticles of size 4.5–6 nm, which have been completely re-
oxidised. The relatively lower TEM contrast found for the Co nano-
particles in 10%Co/ITQ(4) (Fig. 3a) can also be a consequence of
their complete reoxidation. No correction for the passivation layer
has been considered for the less dispersed 30%Co/SiO2 catalyst dis-
playing a d(Co0)T of 183 nm, which is in better agreement with the
value obtained from H2-chemisorption (d(Co0)H = 141 nm) than
with that derived from XRD (d(Co0)X = 94 nm), thus confirming
that significant metal sintering has occurred during its reduction.
The particle size distribution in 30%Co/SiO2 is also significantly
broader than in the case of the model Co/ITQ-2 catalysts prepared
from reverse microemulsions. As shown in Fig. 3d, large metal
crystals are found exclusively on the outer surface of the porous
silica particles, as expected from the procedure employed to pre-
pare this sample.

3.3. Particle size-dependent nature and reducibility of oxidised Co
species

The reduction behaviour of the model Co/ITQ-2 and Co/SiO2 cat-
alysts has been studied by means of H2-TPR. Fig. 5a shows the H2-
TPR profiles for catalysts vertically arranged according to their
d(Co3O4)X. Samples 10% Co/ITQ(6-7) which do not display XRD-
detectable Co3O4 species are also included in the picture and have
been placed considering the expected trend in metal dispersion
based on the parameters of the reverse microemulsion employed
in their preparation (Table 1). As observed, two main H2-consump-
tions take place in the temperature range 500–720 K for the model
catalysts 30%Co/SiO2 and 10%Co/ITQ(1–5) which are known to cor-
respond to the two-step reduction of Co3O4: Co3O4 ? CoO (peak I
at temperatures 530–595 K) and CoO ? Co0 (peak II at tempera-
tures 579–714 K). This assignment is also supported by the H2 con-
sumption ratio (peak II)/(peak I) that lays in the range 3–3.7 for all
the samples, roughly according to the expected stoichiometric ra-
tio of 3. As observed in Fig. 5a, there is a continuous shift towards
higher temperatures for both peaks I and II with decreasing
d(Co3O4)X. Fig. 5b depicts the peaking-temperatures from TPR pro-
files against d(Co3O4)X for all the Co/ITQ-2 catalysts. The point cor-
responding to peak II for catalyst 10%Co/ITQ(1) has not been
included (dashed line) due to the fact that this sample displays
two maxima in the H2-TPR profile in the temperature range where
the other samples exhibit a single reduction feature (peak II). As
observed, the temperatures for the two reduction steps of Co3O4

to Co0 (peaks I and II) increase with decreasing d(Co3O4)X in the
range 12.5–5.9 nm. No significant reduction features in the higher
temperature regime (>800 K) are found for catalysts displaying
d(Co3O4)X from 125 to 6.8 nm. In contrast, when the Co3O4 particle
size is further decreased to 5.9 nm in 10%Co/ITQ(5), an additional
intense peak develops at 840 K (peak III) while a weak H2 con-
sumption occurs at very high temperature of 1020 K (peak IV). Fur-
ther increasing metal dispersion (i.e. decreasing Co particle size) in
10%Co/ITQ(6) nearly depletes the reduction features for Co3O4 be-
low 800 K, in agreement with the absence of X-ray diffractions for
Co3O4, and peak III develops at 884 K, with an additional less in-
tense shoulder at 1011 K (peak IV). Finally, forcing the preparation
towards still higher metal dispersion in 10%Co/ITQ(7) appears to
shift the so-called peak III towards a higher temperature (905 K)
and sharply reduces its relative intensity against the predominant
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Fig. 3. Representative TEM images and the corresponding particle size histograms for pre-reduced and passivated (a) 10%Co/ITQ(4), (b) 10%Co/ITQ(2), (c) 10%Co/ITQ(1) and
(d) 30%Co/SiO2 catalysts.
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high temperature (>950 K) peak IV which, in this case, appears as
an intense band peaking at 980 K with a shoulder at 1036 K.
It can be perceived in Fig. 5b that 10%Co/ITQ(5), displaying a
d(Co3O4)X of 5.9 nm, is a transition sample between the less



Fig. 4. HRTEM image for the pre-reduced and passivated 10%Co/ITQ(4) catalyst as
well as the lattice-spacing profile evidencing re-oxidation to CoO.
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dispersed catalysts displaying exclusively the reduction peaks for
Co3O4 (peaks I and II) and the samples exhibiting higher metal dis-
persion, which display merely reduction features above 800 K
(peaks III and IV). As already commented for peaks I and II, it can
be noticed that the so-called peak III shows a dispersion-depen-
dent peaking-temperature (Fig. 5b). By contrast, the higher tem-
perature features (peak IV at 980–1036 K) show no evident
dispersion dependence.

It is clearly derived from the H2-TPR profiles that a coherent
evolution in the size and nature of cobalt species takes place with
the metal dispersion for the battery of Co/ITQ-2 model catalysts,
likely due to the fine control in metal dispersion attained by the
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Fig. 5. (a) H2-TPR profiles for the Co/ITQ-2 and Co/SiO2 model catalysts; and (b) evolut
particle size for the model Co/ITQ-2 catalysts. (n.a.: not available owing to the absence
employed synthetic methodology. Besides, this trend allows to
‘‘isolate” some predominant reduction features in certain samples
that are expected to correspond to nearly single cobalt species.
DR UV–vis spectroscopy has been used to elucidate this disper-
sion-dependent nature of cobalt species in the calcined monodi-
spersed Co/ITQ-2 catalysts. This information is especially
desirable for the Co species that reduce above the temperatures
typically applied in the reductive pre-treatments prior to catalysis
(573–773 K) and which are known to be catalytically inactive for
FTS [14,15]. Fig. 6 collects the UV–vis spectra for selected calcined
Co/ITQ-2 catalysts. As depicted there, the spectra show several
broad features in the 300–800 nm range due to ligand-to-metal
charge transfer events and d–d electronic transitions associated
with Co ions. Catalysts 10%Co/ITQ(1 and 4) show broad bands at
430 and 730 nm (with a shoulder at 670 nm), which are ascribed
to oxygen-to-metal charge transfers for Co2+ and Co3+ ions, respec-
tively, in the lattice of the spinel Co3O4 [39]. No additional bands in
the region 450–650 nm are evident, in agreement with Co3O4 as
the only cobalt phase in these samples, as discussed on the basis
of XRD and H2-TPR results. On the other extreme, the most dis-
persed sample 10%Co/ITQ(7) shows a triplet peaking at 522, 579
and 631 nm that are typical, respectively, for the 4A2 ?

2T1, 4T1

and 2T2 electronic d–d transitions in Co2+ ions having pure tetrahe-
dral coordination in Co2SiO4 silicates [40]. Thus, in this sample, co-
balt has been completely incorporated in the bulk of the ITQ-2
support as single Co2+ ions during calcination. According to this,
peak IV in the H2-TPR profiles can be assigned to ‘‘bulk” Co2SiO4 sil-
icates and the fact that cobalt no longer exists as surface clusters
agrees with the absence of a dispersion-dependence for reduction
temperature of peak IV (Fig. 5b). Distinctly, 10%Co/ITQ(6) displays
almost no band at 631 nm while the more energetic band is
slightly down-shifted to 496 nm. This type of distortion might be
related to the coexistence of Co2+ ions both in tetrahedral and in
octahedral coordinations or, more likely, to a partial distortion of
the tetrahedral coordination in a Co silicate due to some extra li-
gands for Co2+, such as OH groups from the silanols existing at
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Fig. 6. DR UV–vis spectra for selected samples, displaying distinct metal dispersion,
in their calcined form.

Table 5
Steady FTS activity and selectivity for selected model catalysts in the Fischer–Tropsch
synthesis. Reaction conditions: T = 493 K, P = 2.0 MPa., GHSV adjusted to obtain a CO
conversion level of (10 ± 2)%.

Catalyst Cobalt-time
yield (10�3 mol CO/gCo h)

TOFa (10�3 s�1) Selectivity (%C)

CO2 CH4 C5+

30%Co/SiO2 3.3 8.2 1.0 8.7 78.9
10%Co/ITQ(1) 53 8.6 1.1 18.9 61.6
10%Co/ITQ(2) 48 6.8 0.8 16.6 63.0
10%Co/ITQ(3) 27 3.3 0.7 14.7 66.4
10%Co/ITQ(4) 14 1.2 0.6 14.0 68.8

a Estimated from H2-chemisorption results.
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the surface of the siliceous support [39,41]. Thus, it appears that
the Co silicate species existing in 10%Co/ITQ(6) are present as small
clusters on the surface of the ITQ-2 support, unlike the bulk Co2-

SiO4 existing in 10%Co/ITQ(7). This assumption concurs also with
the dispersion-dependence observed in Fig. 5b for the TPR peak
III, which is predominant in this catalyst. The absence of bands
due to Co3O4 in this sample discards the assignment of this peak
III reduction at 850–910 K to Co3O4 or CoO species very small in
size, highly interacting with the silica support, as proposed in pre-
vious works [42]. Finally, 10%Co/ITQ(5), as a transition sample, dis-
plays the bands related to the Co3O4 spinel, along with shoulders at
496 and 579 nm associated to the presence of the mentioned sur-
face hydroxy-silicates, existing probably at the contact boundary
between the Co3O4 nanoparticles and the ITQ-2 support.

The degrees of reduction (DR) of selected samples, as estimated
by H2-TPR after in situ submitting the catalysts to the same reduc-
tive pre-treatment applied prior to catalysis (723 K, 10 h), in-
creased from 87% to 96% when increasing d(Co3O4) from 6.8 to
12.5 nm for catalysts 10%Co/ITQ(4) to 10%Co/ITQ(1), while it is
100% for the low-dispersed 30%Co/SiO2 sample. These high values
of DR ensure no significant contribution from unreduced (ionic) Co
species during catalysis for these model catalysts.

As a summary, the homogeneous metal dispersion attained in
the Co/ITQ-2 model catalysts, together with the H2-TPR and DR
UV–vis results, has allowed to progressively study how the nature
and the reducibility of the supported Co species evolve with parti-
cle size up to high dispersion levels. It is concluded that the com-
bination of the ex-support micellar synthesis and the surface
silylation of the ITQ-2 support leads to highly reducible catalysts
in the range of Co3O4 particle size of 6.8 to 12.5 nm. Moreover, this
model system has permitted to unambiguously conclude that the
activation energy for the reduction steps of this cobalt spinel is
particle size dependent. This conclusion, although it may seem
obvious at the view of previous literature reporting that smaller
Co3O4 particles are less reducible than larger ones [9,14], is in
the present case not disturbed by high temperature reduction fea-
tures ascribed to mixed Co–Si compounds that typically coexist
with Co oxides in highly dispersed catalysts prepared by conven-
tional methods, due to the inherent broad size distributions. The
enhanced reducibility thanks to the protective organic capping of
the ITQ-2 silanols during Co3O4 crystallisation finds its limit at
d(Co3O4) around 5.9 nm, as for sample 10%Co/ITQ(5). For Co3O4

particles below this limit, the interaction between the supported
Co phases and the ITQ-2 support promotes their partial reaction
during the final calcination steps, when the protective capping or-
ganic groups have been burnt off, leading firstly to surface hydroxy-
silicates, probably at the boundary of Co3O4 and the siliceous car-
rier, and to bulk Co2SiO4 when metal dispersion is further in-
creased, as in 10%Co/ITQ(7).

3.4. Catalytic activity in the Fischer–Tropsch synthesis

The series of highly reducible monodispersed Co/ITQ-2 model
catalysts and the low dispersed 30%Co/SiO2 sample are excellent
candidates to study particle size effects in FTS. Their catalytic activ-
ity in the FTS at P = 2.0 MPa, T = 493 K has been examined. Only
highly reducible catalysts, displaying DR values in the range 87–
100%, were tested to ensure that the catalytic results are not dis-
turbed by the presence of any significant amount of oxidised Co
species that are known to display decreased activity and enhanced
selectivity towards methanation [7,9,15]. In all the experiments,
the space velocity (GHSV) was adjusted to set the steady CO con-
version to a relatively low value of ca. 10%. This rather low conver-
sion level has been chosen to limit the changes in the gas
composition through the catalytic bed and to avoid the existence
of a high water partial pressure as water, the main sub-product
of the FTS, has been reported to auto-catalytically enhance the reac-
tion rate in the Co/SiO2-catalysed Fischer–Tropsch synthesis when
present in appreciable amounts at high CO conversion levels [43].
Limiting the PH2O is also desirable from the standpoint of avoiding
re-oxidation of the smallest cobalt nanoparticles during the reac-
tion, although Co re-oxidation during FTS has been discarded in
catalysts displaying Co particle sizes as small as 6 nm under indus-
trially relevant FTS conditions [44].

Table 5 collects the catalytic results for selected model cata-
lysts. As shown there, the less dispersed sample 30%Co/SiO2

(d(Co0)H = 141 nm) displays a cobalt-time-yield (CTY) of
3.3 � 10�3 mol CO/(gCo h), much lower than the CTY of Co/ITQ-2
catalysts (14 � 10�3–53 � 10�3 mol CO/(gCo h)), as it may be ex-
pected from the much lower metal dispersion of the former. Nev-
ertheless, the expected increase in CTY when decreasing d(Co0) no
longer applies for the series of Co/ITQ-2 model catalysts. Indeed,
CTY continuously decreases from 10%Co/ITQ(1)–10%Co/ITQ(4), that
is, with decreasing metal particle size from d(Co0)H = 10.4 nm to
d(Co0)H = 5.6 nm, and thus when the number of exposed metallic
Co0 sites is doubled (see H2 uptakes in Table 4). This decay in the
CTY is thus related to a decrease in the intrinsic site-activity with
decreasing d(Co0). Fig. 7 depicts the variation of the turnover
frequency (TOF), based on H2-chemisorption, versus d(Co0)H. TOF
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increases with increasing d(Co0)H for sizes in the range 5.6–
10.4 nm and then remains invariant up to d(Co0) = 141 nm.

Other works previously reported a decrease in TOF for cobalt
particles below ca. 10 nm in size [16–18], although the presence
of unreduced Co species in the highly dispersed catalysts used in
these studies adds uncertainty in assigning the observed results
to a true particle-size effect. Recently, Bezemer et al. [19] prepared
model catalysts by supporting cobalt on carbon nanofibres (Co/
CNFs) and attained high reducibilities for catalysts with mean Co
particle sizes as small as 2–3 nm. Using this catalytic system, they
found an increase in TOF with increasing d(Co0) in the range of 2.6
to 8–9 nm and then an invariant site-activity for larger particle
sizes (9–20 nm) in the Fischer–Tropsch synthesis at 3.5 MPa and
483 K. This phenomenon has been referred to as ‘‘non-classical”
particle size effect as it takes place at particle sizes well above
those at which the classical structure sensitivity [23] occurs as a re-
sult of differences in the relative population of distinct metallic
surface sites (surface crystalline anisotropy) or exposed crystal
planes [45] and which manifests typically for metal particle sizes
below 3–4 nm [46,47]. In contrast, the size-dependence for TOF
persists up to particle sizes of 8–10 nm, according to our results
and those previously reported by Bezemer et al. [19].

It should be stated that initial TOF values (extrapolated to
TOS = 0) show exactly the same trend with d(Co0) as that shown
in Fig. 7 for the pseudo-steady TOF, which discards any significant
contribution from a particle size-dependent metal sintering rate
during catalysis.

Finally, it is remarkable that the TOF values reported in Table 5
are 2–3 times lower than those typically reported in previous pa-
pers under similar reaction conditions [3,10,19]. According to an
on-going research in our laboratory [48], these differences can be
accounted for by considering the higher calcination temperature
(773 K) required in the preparation of the present model catalysts,
which finally leads (after reduction) to decreased TOF values as
compared to catalysts calcined at lower temperatures (T < 623 K)
or directly reduced in H2 (not calcined). The difference in the con-
version level at which the TOF values are calculated in each work
can also have an extra (though lower) contribution to this gap in
the TOF values, as it is known that the H2O product auto-catalyti-
cally enhances reaction rates in Co/SiO2 systems at higher conver-
sion levels [43].

Regarding the product selectivity (at XCO = 10%), the results col-
lected in Table 5 show that the selectivity to methane decreases
from 18.9% to 14.0% while the selectivity to the desired long-chain
hydrocarbons (C5+) increases from 61.6% to 68.8% for the tested Co/
ITQ-2 catalysts in the order 10%Co/ITQ(1)–10%Co/ITQ(4), that is,
when particle size is increased from 5.6 to 10.4 nm. Besides, unlike
the trend observed for TOF, further increasing metal particle size
up to 141 nm (30%Co/SiO2) still leads to an important increase in
the selectivity to the C5+ fraction (up to 78.9%) at expenses of the
lighter hydrocarbons (SCH4 = 8.7%). The results obtained with our
model Co-based catalysts concur with previous ones showing an
increase in the selectivity to C5+hydrocarbons with increasing Co0

particle size in the range of constant TOF [19]. At this point, it
should be mentioned that the differences in the volumetric density
of Co0 sites, coming from the different d(Co0)H (and Co loading in
the case of 30%Co/SiO2), which might affect the probability for a-
olefin readsorption [49], cannot be used to explain the differences
in product selectivities. Indeed, the opposite trend should be ex-
pected in this case as the less dispersed catalysts (lower site den-
sity) should display a lower probability for a-olefin readsorption
and thus a lower selectivity towards long-chain hydrocarbons.
Thus, the differences in product selectivity observed in our model
catalysts are likely an intrinsic characteristic related to Co0 particle
size. Finally, it should be mentioned that there are not significant
changes in the selectivity to CO2 for all catalysts (0.6–1.1%) and
there is no correlation with d(Co0). Unreduced oxidic Co species
have been claimed as responsible for an enhanced activity towards
the water gas shift reaction (WGSR: CO+H2O ? CO2 + H2), which
produces CO2 and also enhances methanation [36]. This enhanced
CO2 production does not take place in our catalytic experiments as
an indirect proof of the high reducibility of the employed model
catalysts.

Elucidating the origin for the non-classical structure sensitivity
in the FTS still remains as a challenging scientific goal. Here, we
have employed in situ and at work CO-FTIR spectroscopy to study
the evolution of CO adsorption sites during catalysis, for samples
displaying different particle sizes and TOFs, as an approach to
understand the particle size-dependent site-activity.

3.5. In situ and at work CO-FTIR spectroscopy

3.5.1. Adsorption sites on as-reduced catalysts
FTIR of adsorbed CO (CO-FTIR) has been extensively used to

study the nature of surface sites in most transition metal catalysts,
since it is known that the spectral characteristics of the CO probe
molecule strongly depend on the electronic state of the adsorption
sites [50].

In the present work, selected model cobalt catalysts have been
studied by CO-FTIR at RT to investigate the nature of their surface
cobalt sites after submitting the samples to the same H2-reduction
pre-treatment applied prior to catalysis (see Section 2). Consider-
ing the site-activity trend shown in Fig. 7, three samples covering
both the particle size range studied (5.6–141 nm) and the range
for TOF values found in the catalytic experiments have been se-
lected for the CO-FTIR study: 30%Co/SiO2 (d(Co0)H = 141 nm),
10%Co/ITQ(1) (d(Co0)H = 10.4 nm), both displaying similar TOF,
and 10%Co/ITQ(4) (d(Co0)H = 5.6 nm) which shows the lowest TOF
among the investigated samples. Due to opaqueness issues, the
high metal loading 30%Co/SiO2 sample was diluted with the re-
quired amount of SiO2 to yield a 10 wt% Co loading. The resulting
sample, which is exclusively used in the CO-FTIR studies, is hereaf-
ter denoted as 10%Co/SiO2.

Room temperature FTIR spectra of CO adsorbed at low CO dos-
age (5 mbar) on the reduced samples are collected in Fig. 8. Two
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main adsorption peaks at ca. 2051 and 1905 cm�1 are observed for
the catalysts, which are ascribed to CO adsorbed in linear and
bridge forms, respectively, on metallic cobalt sites [51,52]. The
band at ca. 2050 cm�1 has been previously assigned to CO linearly
adsorbed on top of fcc Co0 supported on SiO2 [53], which agrees
with the prevalence of this crystalline phase in our model catalysts,
as ascertained by XRD on the reduced samples (not shown). The
predominance of this band suggests its specific assignment to
Co0 planar sites on a highly exposed fcc facet such as (111). The
band at 2051 cm�1 appears clearly asymmetric with a shoulder
at a lower frequency (ca. 2010 cm�1) in 10%Co/ITQ(1) and 10%Co/
ITQ(4) catalysts, which is hardly observed in the low-dispersed
10%Co/SiO2 sample. Low frequency IR bands of CO linearly ad-
sorbed on Co0 surfaces have been assigned in the literature to
low-coordinated surface sites located on more open low-index sur-
face crystallographic planes or steps and corners, having an en-
hanced electron back-donation from the d metallic orbitals to the
p* antibonding molecular orbital of CO [50,54,55]. The presence
of a much higher density of such coordinatively unsaturated Co0

sites in the two Co/ITQ-2 catalysts agrees with the significantly
smaller particles existing on these micelle-synthesised samples
in contrast to the much larger particles, exposing preferentially
well-defined crystal facets, in the 10%Co/SiO2 sample. From the rel-
ative band intensities, no significant difference in the proportion of
defect sites is evidenced in Fig. 8 for 10%Co/ITQ(4) and 10%Co/
ITQ(1). This, which might seem surprising considering their differ-
ence in d(Co0) (Table 4), is not so as a modest variation of the sur-
face proportion of low-coordination metal sites is expected for
particle sizes in the range of d(Co0) = 5.6–10.4 nm. This is clearly
perceived in Fig. S2 (Supplementary material) where the surface
proportion of corner sites is plotted against d(Co0) for a cuboctahe-
dral model cobalt nanoparticle [56]. In contrast, marked variations
in the proportion of defect sites with d(Co0) are expected for sizes
below 4 nm, where the classical structure sensitivity manifests
[23]. Finally, a high-frequency shoulder at 2060 cm�1 is observed
for 10%Co/ITQ(4) (Fig. 8b). The assignment of the 2060 cm�1 IR
band is quite controversial in the literature and dicarbonyl species
attached to cobalt defect sites [29], a partially hydrogenated Co(H)-
CO structure [57], and CO adsorbed on Cod+ sites have been consid-
ered [58–60]. The assignment to dicarbonyl species is not
consistent with our results as it would require the existence of cou-
pled bands for the symmetric and antisymmetric vibration modes
and which are not detected in our spectra. Additionally, the possi-
ble assignment of the 2060 cm�1 band to a partially hydrogenated
Co(H)CO adsorbed species is neither pertinent as the high temper-
ature evacuation performed after the in situ catalyst reduction en-
sures an efficient removal of adsorbed H2 [37,61]. We thus
tentatively ascribe the 2060 cm�1 shoulder appearing in the spec-
trum of as-reduced 10%Co/ITQ(4) to CO adsorbed on interface co-
balt sites in close contact with the support. The presence of
oxygen at the support surface would induce a more electropositive
character on these adjacent cobalt sites (Cod+). This assignment is
in concordance with the expected higher Co-support contact sur-
face for the 10%Co/ITQ(4) catalyst displaying the smallest particle
size. A careful examination of previously reported CO-FTIR results
on cobalt catalysts shows that other authors have also found an en-
hanced adsorption band at 2060–2070 cm�1 when decreasing the
mean cobalt particle size in Co/Al2O3 [57,62] and (fcc)Ru–Co/SBA-
15 [63] catalysts. Additionally, no FTIR bands at ca. 2175 cm�1 re-
lated to CO adsorbed on Co2+ sites (cobalt oxide or silicates) have
been found in these three reduced catalysts, which further sup-
ports the high extent of reduction achieved, already inferred from
the H2-TPR results. An adsorption band at this frequency is ob-
served, by contrast, in the CO-FTIR spectrum of a partially reduced
catalyst, such as 10%Co/ITQ(5), under the same experimental con-
ditions (not shown).

The spectra evolution has been studied also by progressively
increasing the CO dosage in the FTIR cell at RT. Marked and similar
variations in the spectra have been found for 10%Co/ITQ(1) and
10%Co/ITQ(4) model catalysts upon increasing CO dosage. As rep-
resentative for these two catalysts, Fig. 9 shows the FTIR spectra
of 10%Co/ITQ(1) for CO pressures of 5–250 mbar (the correspond-
ing spectra for 10%Co/ITQ(4) has been included in the Supplemen-
tary material as Fig. S3). New intense bands at 2024 and 2002 cm�1

develop when the CO pressure increases. The lower frequency and
higher stability (upon evacuation) of the 2024 and 2002 cm�1 IR
bands versus the 2050 cm�1 band suggest adsorption on lower
coordinated cobalt surface sites. Interestingly, re-adsorption of
CO on the Co/ITQ-2 catalysts after evacuation does not reproduce
the original spectra (PCO = 5 mbar) as it is shown in the inset of
Fig. 9 for 10%Co/ITQ(1). A similar behaviour is manifested by
10%Co/ITQ(4). The unrepeatable IR spectra points towards Co sur-
face reconstruction on the metallic particles when the CO pressure
is increased, which appears irreversible upon evacuation at RT. A
completely different behaviour is observed in Fig. 10 on sample
10%Co/SiO2 for which no new bands appear at increasing CO pres-
sure. Moreover, after re-adsorption of CO on the evacuated 10%Co/
SiO2 sample, the initial spectra are completely recovered (shown in
inset of Fig. 10 for PCO = 5 mbar). Thus, no reconstruction of the co-
balt surface can be inferred in this case. The CO-induced Co surface
reconstruction has been previously proposed on the basis of STEM
[28] and PM-RAIRS [29] results on monocrystalline cobalt foils
heated in the presence of CO or syngas. Our results suggest that
this surface reconstruction might take place for small supported
Co nanoparticles at RT and in the absence of H2. It seems, besides,
that the reconstruction of the cobalt surface is somehow size
dependent, being more favourable on relatively small cobalt nano-
particles, as those present in the micelle-synthesised Co/ITQ-2
model catalysts, and less favourable on largest particles, as those
present in 10%Co/SiO2.

Additionally, a detailed inspection of the FTIR spectra in the low
frequency range (700–300 cm�1) evidences that new bands,
mainly at 642, 612 and 573 cm�1 develop upon increasing the
CO dosage (5–250 mbar) on samples 10%Co/ITQ(1) and 10%Co/
ITQ(4), as shown in Figs. 9 and S2. These low-frequency bands
are, by contrast, absent on sample 10%Co/SiO2 (Fig. 10). Metal–car-
bon and metal–oxygen stretching vibration modes are known to
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appear in this low IR frequency region (700–300 cm�1). Indeed, the
Co–O stretching mode has been reported at 612 cm�1 [64]. More-
over, the Co–C stretching mode of Co–CH3 groups has been re-
ported at 522 cm�1 [65], while bands at 560 and 643 cm�1 have
been assigned by Lavrentiev et al. [66] to cobalt carbide species.
Thus, dissociation of CO on cobalt surface sites leading to the
adsorption of O and C adatoms can be inferred from the emergence
of the bands at 612 cm�1 (Co–O) and 573 and 642 cm�1 (which we
ascribe to surface Co–C species). Interestingly, according to our re-
sults, the development of these low-frequency bands seems to be
linked to the development of the carbonyl bands at 2024 and
2002 cm�1 ascribed to more open crystallographic cobalt planes,
or defect sites, as a consequence of the surface reconstruction.
Therefore a cobalt surface reconstruction due to adsorbed O or C
adatoms can be inferred. Indeed, while most authors had assumed
cobalt sub-carbonyls (Co(CO)x) as responsible for the cobalt surface
reconstruction [28,29,67,68], very recent theoretical DFT results
point to the determinant role of adsorbed carbon adatoms as
responsible for surface clock-reconstruction on fcc Co0 crystal fac-
ets [30]. The fact that only particles of size less than ca. 11 nm
suffer from reconstruction at RT, in the absence of H2, points to
the decisive role of defect sites present, although in low amount,



G. Prieto et al. / Journal of Catalysis 266 (2009) 129–144 141
on the small cobalt nanoparticles in 10%Co/ITQ(1) and 10%Co/
ITQ(4) (band at ca. 2010 cm�1 in Fig. 8). Despite their low total pro-
portion, as expected from the particle sizes >5 nm (see Fig. S2),
these coordinatively unsaturated Co0 sites should have a lower en-
ergy barrier to dissociate CO due to an enhanced metal-to-CO elec-
tron back-donation, as corroborated by many recent theoretical
calculations on model clusters [24,25], and thus might behave as
a source of dissociated CO (C and O adatoms) which may be spilled
over the nearby planar sites (identified by the original carbonyl
band at 2050 cm�1) promoting surface reconstruction.

3.5.2. Site evolution during FTS at atmospheric pressure
The evolution of the Co catalysts at work in the Fischer–Tropsch

reaction has also been monitored by CO-FTIR experiments using
‘‘freshly” reduced catalysts under flowing syngas. IR spectra at
increasing temperature (298–493 K) have been collected. Since
the three studied samples display similar trends, Fig. 11 shows
only the spectra for 10%Co/ITQ(1), as representative. At 298 K
two main bands, one at 2048 cm�1 associated to CO linearly ad-
sorbed on fcc Co0, and another one at 1625 cm�1 due to deforma-
tion modes for adsorbed water, probably deposited on the
support from traces in the reactant feed, are observed. The pres-
ence of co-adsorbed H2 or the lower contact time in flow condi-
tions appears to avoid the surface reconstruction at RT in this
case, as bands in 2024 and 2002 cm�1 are not clearly developed.
Upon increasing the temperature to 433 K and 473 K, the band at
1625 cm�1 due to water is the main one observed in the 1500–
2100 cm�1 region. The absence of bands for Co carbonyls in the re-
gion of 2000–2060 cm�1 might be due to a complete blockage of
the surface sites due to activated H, CHx or O adsorbed species.
The presence of adsorbed oxygen species can indeed be inferred
from the band at 612 cm�1, the unique appearing in the low-fre-
quency range (300–700 cm�1). After increasing the temperature
up to 493 K (applied also for the FTS catalytic experiments) time-
resolved spectra are collected in Fig. 11. This reaction temperature
rapidly restores the Co–carbonyl bands, likely due to desorption of
reaction intermediates leaving free metal sites available for CO
adsorption. Interestingly, the evolution of the IR spectra in the re-
gion of Co–carbonyls (1800–2080 cm�1) under FTS for all the stud-
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Fig. 11. Temperature-resolved IR spectra for the pre-reduced 10%Co/ITQ(1) catalyst un
catalyst under FTS conditions (T = 493 K, Patm) after (d) 120, (e) 210 and (f) 240 min on-
ied catalysts, including the low-dispersed 10%Co/SiO2, is similar to
that observed at RT and high pure CO dosages (Fig. 9), in that case
restricted to rather small Co nanoparticles on 10%Co/ITQ(1) and
10%Co/ITQ(4). This fact reveals a similar surface reconstruction
during FTS as that found at RT under pure CO. Simultaneously,
the band due to water is enhanced due to its formation as a reac-
tion product while a new band at 1591(sh) cm�1 associated to C–C
stretching modes appears as an evidence of chain-growing pro-
cesses occurring during the FTS. The relative intensity of the latter
is substantially higher on sample 10%Co/ITQ(1) than on samples
10%Co/ITQ(4) and 10%Co/SiO2 in agreement with the higher Co-
time-yield observed for this sample in the high pressure FTS exper-
iments (Table 5). Thus, taking into account the pressure gap and
other hydrodynamic differences between the IR and the macro
reactor experiments, at work CO-FTIR experiments are qualita-
tively representative of the catalytic behaviour of the samples un-
der FTS, confirming the lower value of TOF for Co nanoparticles of
size 5.6 nm than for particles larger than 10 nm. Additionally, it is
very interesting how in Fig. 11 the IR band at 642 cm�1, ascribed to
surface carbidic species (adsorbed C adatoms) again developes
strictly simultaneous to the IR bands at 2024 and 2002 cm�1. In
agreement with recent results based on theoretical calculations
[30], these experiments provide the first conclusive experimental
evidence, to the best of our knowledge, for the key role of carbidic
carbon as the Co surface reconstruction agent in the FTS. Very re-
cently, similar evidences have been reported on the formation of
true-active-sites created by metal restructuring due to the incorpo-
ration of C adatoms, derived from the dissociation of the very early
adsorbed reactant molecules, inside the outermost metallic layers
of the catalytic Pd nanoparticles during alkyne hydrogenation reac-
tions [69,70]. The fact that, unlike under pure CO at RT, the 10%Co/
SiO2 also suffers from surface reconstruction under FTS conditions,
suggests a key role of H2 (and/or temperature) in promoting CO
dissociation on planar sites and the consequent surface reconstruc-
tion. Indeed, a H2-assisted CO dissociation, through partially
hydrogenated (H)xCO species as intermediates, has been lately sug-
gested by DFT calculations on model Ni and Co surfaces [71,72].
The presence of co-activated hydrogen, and the assumption of a
pre-hydrogenated (H)xCO species was shown to lower the energy
1600 600
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der syngas flow at (a) RT (b) 433 K, (c) 473 K; and time-resolved IR spectra of the
stream.
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barrier for CO dissociation on flat sites approaching it to the more
favourable dissociation on defect sites [71,72]. Summarising, the
results suggest that the nature and extent of cobalt surface recon-
struction during FTS seems to be similar on all samples, and thus
particle size independent.

Despite the similar nature of surface reconstruction irrespective
of the Co particle size suggested by the above results, some differ-
ences arise from the at work CO-FTIR study. Fig. 12 (spectra a, b, c)
shows the IR spectra obtained at 493 K after 4 h on-stream for the
three studied catalysts. In addition to cobalt carbonyl species (IR
bands at 2050–1900 cm�1), water (1625 cm�1) and surface C2+ spe-
cies (1591 cm�1, as a very weak shoulder for those samples dis-
playing lower cobalt-time-yields), which are observed for all the
samples, the 2060 cm�1 contribution in the spectrum for 10%Co/
ITQ(4) is clearly perceptible. This band, already present as a weak
shoulder in the spectrum for the as-reduced sample (Fig. 8), has
been enhanced during the relatively short TOS (4 h) under ambi-
ent-pressure FTS. This is clearly evidenced in the inset of Fig. 12
showing a detailed view and Lorentzian curve-fitting in compari-
son to the 10%Co/ITQ(1), for which the band at 2060 cm�1 cannot
be clearly perceived even after reaction. Moreover, at the evacu-
ated spectra (Fig. 12, spectra d, e, f) the higher contribution of this
IR band at 2060 cm�1 for 10%Co/ITQ(4) with respect to the bands at
2050–2000 cm�1 which are prominent for 10%Co/ITQ(1) can be ob-
served. Worth to be mentioned is that a high temperature (723 K)
evacuation (10�5 bar) treatment, required to remove any adsorbed
species of the catalysts, depletes the low-frequency bands (700–
300 cm�1), restores the original band at 2050 cm�1 as the unique
carbonyl signal and lowers the contribution at 2060 cm�1 for
10%Co/ITQ(4) (spectra not shown), pointing to the instability of
the restructuring carbidic species upon evacuation and to the
reversibility of the surface reconstruction at high temperatures
and encouraging operando characterisation to gain valuable infor-
mation on this catalytic system. It seems, thus, that the proportion
of interfacial Cod+ sites significantly augments, once the FTS is acti-
vated, for the catalyst having the smallest particle size (5.6 nm). On
the contrary, a noticeable contribution at 2060 cm�1 cannot be
unambiguously discerned in the CO-FITR spectra for the catalysts
displaying d(Co0) > 10 nm. They are equally remarkable both that
there are not significant differences in the CO-FTIR spectra during
catalysis for 10%Co/ITQ(1) and 10%Co/SiO2 catalysts, whose parti-
cle size differ one order of magnitude, and that the contribution
at 2060 cm�1 is the only found spectral difference between the for-
mer samples (displaying the same TOF) and 10%Co/ITQ(4), which
shows a 7-fold lower intrinsic site-activity in FTS at 2.0 MPa (Table
5). Besides, no bands at 2175 cm�1 (CO–Co2+) are observed after
4 h on-stream which discards, at the sensibility level of the tech-
nique, a significant re-oxidation of the catalysts.

We ascribe the lower catalytic TOF observed for the very small
nanoparticles to the higher proportion of the electropositive Co-
support interfacial sites that are expected to display a lower intrin-
sic activity for CO dissociation [50]. The contribution of these sites
becomes negligible for d(Co0) > 10 nm where the TOF is constant
up to d(Co0) � 150 nm, according to our experimental results. It
should be here mentioned that the Blyholder theory [50,54] pre-
dicts a lower absorption coefficient of CO adsorbed on these par-
tially oxidised Cod+ sites and thus their proportion might be
underestimated by simply considering its contribution to the IR
spectra (inset of Fig. 12). In addition, the relative population of
Cod+ sites might well be favoured at higher pressures and thus their
contribution may be enhanced during the FTS experiments at
2.0 MPa, accounting for the 7-fold decrease in TOF found in the
high-pressure catalytic experiments. As a matter of fact, the parti-
cle-size effect in TOF has been reported to be pressure dependent,
occurring below 6 nm at 1 bar, but extending up to 8–9 nm at
35 bar [19].

The above results can be rationalised in terms of an enhanced
contact between Co nanoparticles and support, probably as a result
of a change in nanoparticle morphology, namely, flattening, which
might be linked to the observed Co surface reconstruction. This
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hypothesis is in agreement with the recently reported decrease in
mean Co–Co coordination number ascertained by at work-EXAFS
during atmospheric-pressure FTS for Co/CNF catalysts [19]. Activat-
ed CNFs display a rather high density of surface oxidic groups
[73,74] which may allow to extend the present explanation also
for that system, for which a similar non-classical particle size
dependence for TOF has been already reported.

These changes in the particle shape are indeed apparent by TEM
inspection of ‘‘spent” catalysts after 10 h on-stream under high-
pressure FTS. Fig. 13 shows representative medium-resolution
micrographs for the spent 10%Co/ITQ(2) catalyst. Dispersed cobalt
nanoparticles are seen on the ITQ-2 nanosheets. Large agglomer-
ates were not found, while some individual nanoparticles appear
grouped as bunches. In this case, the passivation layer appears
thinner (typically <1.5 nm) maybe because surface re-oxidation is
hindered by adsorbed hydrocarbons. Besides, no apparent special
morphology is perceived for those nanoparticles viewed from
top, whose passivation-corrected mean particle size is estimated
to be 10.3 nm, in contrast to the d(Co0)T = 8.2 nm found for the ori-
ginal reduced-passivated sample. Nevertheless, those particles
which are viewed in profile, i.e. those appearing at the support
edge (arrows in Fig. 13), clearly display a raft-like shape, appearing
as rods at the transmission observation, evidencing an enhanced
surface-of-contact with the ITQ-2 support. The increase in
d(Co0)T for the spent catalyst with respect to the original as-re-
duced sample might well be a combination of a (limited) degree
Fig. 13. (a) Representative TEM image for the spent 10%Co/ITQ(2) catalyst (after
10 h on-stream, T = 493 K, P = 2.0 MPa, XCO = 10%) discarding extensive Co sintering
and evidencing elongated raft-like Co nanoparticles (black arrows) viewed in profile
at the support edges; and (b) detailed view at the support edge.
of metal sintering and the from-top observation of flattened
nanoparticles.

Dynamic (usually rapid and reversible) reactant-induced shape-
changes have been lately addressed for other nanoparticulate cat-
alysts thanks to in situ Environmental HRTEM (E-HRTEM) [75] and
EXAFS [76]. Indeed E-HRTEM has proven that under (wet)H2/CO
flow a strong shape-change towards a disc-like morphology and
an enhanced contact with the support takes place for the Cu/ZnO
system employed in the hydrogenation of CO [75,77]. A similar
flattening appears to take place for the Co/ITQ-2 catalysts under
working conditions in the FTS, on the basis of our at work CO-FTIR
study and the post-reaction ex situ characterisation. Beyond the
novel picture presented in this work, the application of recent
and on-going advances in characterisation techniques which allow
for (nearly)environmental analysis [69,75,78] is expected to pro-
vide future in-depth insights on the UHV-unstable reconstructing
Co–carbidic species and the particle morphology changes during
reaction.
4. Conclusions

The combination of an ex-support reverse micellar synthesis,
displaying varying microemulsion parameters, with a surface-
silylated ITQ-2 delaminated zeolite as support allows to prepare
10%Co/ITQ-2 catalysts showing rather uniform metal particle
sizes in the 5–11 nm range. This preparative methodology leads
to highly reducible materials for d(Co3O4) P 6.8 nm, and allows
us to conclude that the activation energies for the two Co3O4

reductive steps (Co3O4 ? CoO ? Co0), are particle-size depen-
dent. Further increasing metal dispersion promotes the progres-
sive development of cobalt surface hydroxy-silicates and bulk
silicates by reaction of the loaded metal against the silica sup-
port. When the FTS activity of the model Co/ITQ-2 catalysts is
compared with that of a low-dispersed 30%Co/SiO2 prepared
by physically supporting Co3O4 nanopowder on commercial
SiO2, the TOF increases with d(Co0) in the 5.6–10.4 nm range
and it remains rather constant up to d(Co0) = 141 nm, concurring
with the non-classical particle size effect previously reported
[19]. Additionally, CO-FTIR experimental evidences indicate that
surface adsorbed C adatoms derived from CO dissociation are
responsible for a cobalt surface reconstruction under ambient-
pressure FTS conditions, and this surface reconstruction occurs
similarly irrespective of the metal particle size in the
5.6–141 nm range. Moreover, the only spectroscopic difference
between low and high TOF catalysts is the enhancement of par-
tially oxidised interfacial Cod+–SiO2 sites for the smallest Co
nanoparticles (5.6 nm) existing in the former, which appears to
be a consequence of nanoparticle flattening under reaction con-
ditions. As a step forward in understanding the non-classical
particle size effect in Co-catalysed FTS, our results suggest that
a higher relative concentration of these interfacial sites in flat-
tened small Co nanoparticles is responsible for the decreased
TOF observed for d(Co0) < 10 nm.
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