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Abstract

The oxidation of nanosized metallic cobalt to cobalt oxide during Fischer–Tropsch synthesis has long been postulated as a major deactiva-
tion mechanism apparently related to cobalt crystallite size. To establish a connection between cobalt crystallite size and oxidation behaviour,
well-defined spherical Co/SiO2 model catalysts with average cobalt crystallites sizes of 4, 13, and 28 nm were synthesised. The crystallite size
distribution of the spherical Co/SiO2 model catalysts was characterised with high-resolution transmission electron microscopy and in situ X-ray
diffraction. The oxidation behaviour of the reduced spherical Co/SiO2 model catalysts of differing cobalt crystallite size was studied using in
situ X-ray absorption fine structure under model oxidation conditions (H2O/He, PH2O = 0.04 bar). Surprisingly, it was found that the spherical
Co/SiO2 model catalyst with small cobalt crystallites (i.e., 4 nm) did not show oxidation under H2O/He mixtures (PH2O = 0.04–0.3 bar) up to
400 ◦C, which is against bulk thermodynamic calculations for the oxidation of cobalt metal to cobalt oxide. This was attributed to the encapsula-
tion of the cobalt crystallites with silica after reduction at 500 ◦C in hydrogen. The encapsulation was verified with high-resolution transmission
electron microscopy. The spherical Co/SiO2 model catalysts with medium-sized cobalt crystallites (i.e., 13 nm) did oxidize at 100 ◦C and reached
a maximum oxidation of 30% at 300 ◦C (H2O/He; PH2O = 0.04 bar). The spherical Co/SiO2 model catalysts with large cobalt crystallites (i.e.,
28 nm) was found to undergo very little oxidation, <2% at 300 ◦C under a H2O/He (PH2O = 0.04 bar) environment. In general, it could be
concluded that the oxidation of spherical Co/SiO2 model catalysts with water is difficult and is size-dependent.
 2006 Elsevier Inc. All rights reserved.
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1. Introduction

Fischer–Tropsch synthesis (FTS) is currently an economi-
cally attractive process for the production of environmentally
friendly diesel fuel [1]. Supported cobalt catalysts are the sys-
tem of choice for the FTS due to the high per pass conversion,
low water–gas shift activity, and paraffinic nature of the result-
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ing synthetic crude [2–5]. However, cobalt catalysts as used
in the FTS are relatively expensive (compared with iron) and
require a high metal dispersion and long life to remain economi-
cally feasible [6]. Hence, for the optimum cobalt usage, detailed
fundamental understanding of the sensitivity of the FTS activ-
ity, selectivity, and deactivation rate to the cobalt crystallite size
is imperative. Generally, most authors conclude that the FTS
is a structure-insensitive reaction; that is, there are no major
changes in activity and selectivity over a wide crystallite size
range [7,8]. However, the oxidation of cobalt to cobalt oxide
by means of water has long been postulated as a major deac-
tivation mechanism during FTS [2,9–24] and is thought to be
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related to cobalt crystallite size distribution [2,9,10,13,14,16,
18–20,23,24].

Experimentally, it is difficult to find support for these thresh-
old values, and often contradictory information is available with
respect to oxidation [2,3,9–28]. Moreover, to date, no study
has dealt specifically with the influence of crystallite size on
the oxidation behaviour of cobalt. In the present study, in situ
XANES (a powerful and sensitive technique that can differenti-
ate between Co0, CoO, Co3O4, and, to a lesser extent, Co2SiO4)
was used to study the sensitivity of supported nanosized cobalt
crystallites of varying sizes to oxidation by water. To facilitate
detailed characterisation of the cobalt crystallites with high-
resolution electron microscopy, a spherical model silica support
was used. Spherical model silica supports have been used as
model catalysts by Datye et al. [29,30]. The attraction in using
spherical model silica supports is that it allows for the viewing
of nanosized crystallites in profile with high-resolution trans-
mission electron microscopy (HRTEM).

2. Experimental

2.1. Catalyst preparation

2.1.1. Preparation of nonporous silica spheres
The nonporous silica spheres were prepared as described

previously [31]. TEOS (Merck grade), ethanol (99.9%, Merck
grade), distilled water, and ammonia (25% v/v, Merck grade)
were mixed in the prescribed amounts and stirred for 24 h in
a conical flask. Then the silica containing slurry was dried in
a rotor evaporator at 75 ◦C, to ensure improved handling and
maximum recovery of the nonporous silica spheres after the
reaction compared with separating the silica spheres by cen-
trifugation. After drying, the silica spheres were calcined at
400 ◦C to remove adsorbed ammonia.

2.1.2. Preparation of spherical Co/SiO2 model catalysts with
small (<5 nm) cobalt crystallites

For the preparation of a well-defined spherical Co/SiO2
model catalyst with nanosized (<5 nm) cobalt crystallites, the
cobalt crystallites were precipitated separately from the support
by adding a highly concentrated NH3 solution to a dilute cobalt
nitrate solution [32]. After 15 min of aging, the precipitate was
separated from the suspension by centrifugation. The precipi-
tate was redispersed in water and mixed with the silica support.
After deposition of the precipitate onto the silica support, the
5 wt% spherical Co/SiO2 model catalyst was calcined at 250 ◦C
in air for 2 h and reduced at 450 ◦C for 4 h in 1 bar pure hydro-
gen (H2 purity = 5.0) unless otherwise indicated. This catalyst
is referred to as Co-4nm hereinafter.

2.1.3. Preparation of spherical Co/SiO2 model catalysts with
medium-sized (ca. 10 nm) cobalt crystallites

A well-defined spherical Co/SiO2 model catalyst with cobalt
crystallites of ca. 10 nm was prepared by means of “impregna-
tion,” that is, mixing an aqueous cobalt nitrate solution with the
nonporous silica spheres so as to produce a 10 wt% Co/SiO2
model catalyst. (Note that true impregnation is possible only in
the presence of pores, hence the quotation marks.) After this im-
pregnation, the 10 wt% spherical Co/SiO2 model catalyst was
dried in a rotor evaporator at 75 ◦C, calcined at 250 ◦C in air
for 2 h, and reduced at 450 ◦C for 4 h in 1 bar pure hydrogen
(H2 purity = 5.0) unless otherwise indicated. This catalyst is
referred to as Co-13nm hereinafter.

2.1.4. Preparation of spherical Co/SiO2 model catalysts with
large (>15 nm) cobalt crystallites

For the preparation of a well-defined spherical Co/SiO2

model catalyst with cobalt crystallites >15 nm, the impregna-
tion method as outlined above was applied using dehydroxy-
lated silica spheres obtained from Degussa (Aerosil, OX 50).
After impregnation, the 10 wt% spherical Co/SiO2 model cata-
lyst was calcined at 250 ◦C in air for 2 h and reduced at 450 ◦C
for 4 h in 1 bar pure hydrogen (H2 purity = 5.0) unless oth-
erwise indicated. This catalyst is referred to as Co-28nm here-
inafter.

2.2. Catalyst characterisation

2.2.1. HRTEM
HRTEM measurements were carried out on reduced cobalt

samples that had been passivated in a glove box (O2 = 1 ppm
and H2O = 1 ppm). For determination of the cobalt crystallite
size distributions, only samples that had been completely reoxi-
dised in air were used. Thin samples for HRTEM were prepared
by crushing the spherical Co/SiO2 model catalyst with a mortar
and pestle, followed by dispersion in ethanol using an ultra-
sound bath. Then an appropriate amount of sample was placed
onto a copper microscope grid covered with carbon windows.
Samples were studied using a Philips/Fei Tecnai 20F high-
resolution microscope with an acceleration voltage of 200 keV.
To compare oxidised Co3O4 metal crystallite sizes obtained
from TEM with the metallic cobalt crystallite sizes obtained
from in situ XRD, Co3O4 crystallite sizes were converted to the
corresponding metallic crystallite sizes according to the relative
molar volumes of metallic cobalt and Co3O4 [33]. The conver-
sion factor for the diameter of a given Co3O4 crystallite being
reduced to metallic cobalt is

d(Co0) = 0.75d(Co3O4).

To determine the cobalt crystallite size distribution and their
average size, >250 cobalt crystallites were counted for each
sample. The average size was determined using the following
formula:

dv =
∑

nid
4
i

/∑
nid

3
i .

Dispersions of the spherical model catalysts were calculated
from the average cobalt crystallite size assuming spherical uni-
form cobalt crystallites with a site density of 14.6 atoms/nm2

using the following formula [34]:

D (%) = 96/dnm.
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2.2.2. In situ XRD
In situ XRD measurements were performed on a dynamic

X-ray diffractometer (DXRD). Approximately 0.15 ml of the
spherical Co/SiO2 model catalyst was packed in the DXRD
sample holder. The X-ray generator was operated at 40 kV
and 40 mA, using a 1.8 kW long fine-focus cobalt tube. Scans
were done in continuous mode using a step size of 0.0167◦ 2θ

and a counting time of 0.248 s per step. The scanning range
was 5–105◦ 2θ , with 20 min per scan. During measurement, a
gas flow rate of 100 ml (NTP)/min hydrogen was used at at-
mospheric pressure. The temperature was increased in 20 ◦C
increments from 100 to 420 ◦C, with a scan recorded at each
20 ◦C interval. Subsequently, the temperature was increased to
425 ◦C, followed by four scans with a waiting period of 1 h be-
tween scans. The peaks on the diffractograms were identified by
means of the Joint Committee on Powder Diffraction (JCPDS)
database [35]. Average cobalt crystallite sizes were determined
using Scherrer’s equation [36] using the Co (111) peak for Co
metal, the Co (311) peak for Co3O4, and the Co (111) and Co
(200) peaks for CoO. Peak half-widths were obtained directly
from the diffractograms. α-Alumina was used as an external
standard to correct for instrumental broadening.

2.2.3. Temperature-programmed reduction
The calcined spherical Co/SiO2 model catalyst was loaded

into a quartz temperature-programmed reduction (TPR) cell
and dried at 250 ◦C (at a rate of 5 ◦C/min) in N2 for 2 h.
A drying step was used to remove all adsorbed water. Subse-
quently, the reactor was cooled to 25 ◦C. Thereafter, the catalyst
was reduced using a linear temperature program (at a rate of
10 ◦C/min to 800 ◦C) in 5% H2/N2.

2.2.4. In situ XANES analyses of spherical model catalysts
XANES measurements on Co0, CoO, Co3O4, and Co2SiO4

reference compounds and spherical Co/SiO2 model catalysts
were performed at the Lure synchrotron center (ORSAY-
France) using a beam line with energy of 1.85 GeV. A Si (111)
monochromator was used to vary the energy within the desired
range. Measurements were carried out at the K-edge of Co.
Calibration was performed with a Co foil using the first point
of inflection of Co, that is, 7709 eV [37].

The reactor used for in situ measurements was similar to the
one designed by Lytle et al. [38,39]. Spherical model catalysts
were reduced in situ using a H2 flow rate of 25 ml (NTP)/min
while heating to the desired temperature. Spectra were acquired
every 20–60 ◦C, depending on the heating rate. Model oxida-
tion experiments were carried out with a ca. 25 ml (NTP)/min
H2O/He flow (PH2O = 0.04–0.3 bar) while heating to 400 ◦C.
All gas lines between the saturator and reactor were heated,
to prevent condensation of the water vapour. The operation of
the saturator was verified with a mass spectrometer. Gases used
were all ultra-pure (99.999% purity).

The XANES spectra were extracted from raw data by a
conventional procedure. The pre-edge background was sub-
tracted using power series curves. Subsequently, the spectra
were normalized by dividing by the height of the absorption
edge. Spectra were quantified by fitting the experimental data
with a weighted linear combination of reference compounds
(Co0, CoO, Co3O4, and Co2SiO4).

2.2.5. Attenuated total reflection infrared spectroscopy
(ATR-IR)

A Nicolet Protege 460 Fourier transform infrared spectrom-
eter with a Nicolet Smart Golden Gate Mk II total reflectance
device was used to scan the 4000–650 cm−1 region, with 32
scans and a 2 cm−1 resolution.

3. Results

3.1. Catalyst preparation and characterisation

Fig. 1 shows low-resolution scanning electron microscopy
(SEM) images of the synthesised silica spheres used as a model
silica support for subsequent catalyst preparations. After dry-
ing, the spherical model silica support is a fluffy agglomeration
of individual silica spheres of ca. 100–200 nm diameter.

Fig. 2 shows HRTEM images of the synthesised silica
spheres. The silica spheres were nonporous and smooth-
surfaced with sharp edges, facilitating subsequent electron mi-
croscopy.

The preparation of well-defined supported nanosized cobalt
crystallites in the range reported for oxidation [2,23,24] (i.e.,
5–10 nm) is difficult using a simple impregnation, that is, mix-
ing a cobalt nitrate solution with the nonporous silica spheres
followed by drying. Hence, a controlled precipitation of cobalt
nitrate with ammonia followed by the deposition of the precip-
Fig. 1. Secondary electron microscopy (SEM) images of the synthesised silica spheres.
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Fig. 2. Transmission electron microscopy images of the synthesised silica spheres.

Fig. 3. Transmission electron microscopy images of a 5 wt% Co/SiO2 spherical model catalyst (Co-4nm) prepared by “deposition” precipitation followed by
calcination in air at 250 ◦C and reduction in pure hydrogen at 425 ◦C. Samples following reduction were passivated in a glove box (O2 = 1 ppm and H2O = 1 ppm).

Fig. 4. Transmission electron microscopy images of a 10 wt% spherical model Co/SiO2 catalyst (Co-13nm) prepared by “impregnation” followed by calcination in
air at 250 ◦C and reduction in pure hydrogen at 425 ◦C. Samples following reduction were passivated in a glove box (O2 = 1 ppm and H2O = 1 ppm).
itate onto the nonporous silica spheres was used to prepare a
5 wt% Co/SiO2 spherical model catalyst. The cobalt loading
for the synthesis of nanosized cobalt crystallites is limited by
the low surface area of the silica spheres. A monolayer cover-
age of the silica spheres (100 nm) with cobalt corresponds to
a 5–6 wt% Co/SiO2 loading. Fig. 3 shows TEM images of the
5 wt% Co/SiO2 spherical model (Co-4nm) catalyst prepared by
deposition precipitation followed by calcination in air at 250 ◦C
and reduction in pure hydrogen at 425 ◦C. The resulting 5 wt%
Co/SiO2 spherical model catalyst was found to be extremely
homogeneous and well defined, with a narrow cobalt crystal-
lite size distribution of 3–4 nm. Fig. 7 summarises the metallic
cobalt crystallite size distribution, corrected for oxidation, as
obtained from TEM.

For the preparation of medium-sized (i.e., ca. 10 nm) cobalt
crystallites on the spherical model silica support, an impregna-
tion method was applied, that is, mixing a cobalt nitrate solu-
tion with the hydroxylated nonporous silica spheres followed
by drying. Fig. 4 shows TEM images of the 10 wt% Co/SiO2

spherical model catalyst (Co-13nm) prepared by impregnation
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followed by calcination in air at 250 ◦C and reduction in pure
hydrogen at 425 ◦C. The resulting 10 wt% Co/SiO2 spherical
model catalyst was fairly homogenous, with a cobalt crystallite
size distribution of 8–15 nm. The absence of cobalt crystal-
lites on some of the silica spheres (Fig. 4) is most likely due to
the microagglomeration (Fig. 1) of silica spheres after support
preparation, which prevents the deposition of cobalt on each
silica sphere during impregnation. During sample preparation
for TEM, the spherical model Co/SiO2 catalyst was thoroughly
crushed, exposing the silica spheres from within the agglom-
erates. Fig. 7 summarises the metallic cobalt crystallite size
distribution of the 10 wt% Co/SiO2 spherical model catalyst,
corrected for oxidation, as obtained from TEM.

To further increase the cobalt crystallite size (i.e., to pro-
duce spherical Co/SiO2 model catalysts with cobalt crystallites
>15 nm), a dehydroxylated spherical model silica support ob-
tained from Degussa (Aerosil OX 50) was used. Fig. 5 shows
an ATR-IR spectrum of the dehydroxylated Degussa spheri-
cal model silica support as compared to that of the in-house-
synthesised nonporous silica spheres. The absence of the silanol
peak [40] at 3740 cm−1 confirms the dehydroxylated nature of
the Degussa spherical model silica support compared with the
in-house-synthesised nonporous silica spheres. This absence of

Fig. 5. Attenuated total reflection (ATR-IR) analyses of the dehydroxylated
spherical model silica support obtained from Degussa (Aerosil OX 50) and the
“in house” synthesised nonporous silica spheres.
silanol groups creates a hydrophobic spherical model silica sup-
port, as indicated on ATR-IR by the lack of adsorbed water
(absence of water peak between 3000 and 3600 cm−1 [40]),
which minimises the interaction between the surface of the sil-
ica spheres and the cobalt nitrate precursor during impregna-
tion. Fig. 6 shows TEM images of the 10 wt% spherical model
Co/SiO2 (Degussa) catalyst (Co-28nm) prepared by impregna-
tion of a dehydroxylated model silica support obtained from
Degussa, followed by calcination in air at 250 ◦C and reduction
in pure hydrogen at 425 ◦C. This catalyst was inhomogeneous,
due to the nature of the support. Fig. 7 summarises the metal-
lic cobalt crystallite size distribution, corrected for oxidation, as
obtained from TEM.

The crystallite size distributions of the spherical Co/SiO2
model catalysts of varying cobalt crystallite sizes were also cor-
roborated using in situ dynamic X-ray diffraction (D-XRD).
With in situ D-XRD, Scherrer’s equation was used to deter-
mine the average metallic cobalt crystallite size of the spherical
Co/SiO2 model catalysts after reduction at 425 ◦C under hy-
drogen. Table 1 summarises the crystallite size distributions for
the reduced spherical Co/SiO2 model catalysts obtained from in
situ D-XRD and ex situ TEM. A good agreement was found be-
tween D-XRD and TEM after correction for the oxidation state
of cobalt.

3.2. XANES study of the reduction behaviour of the spherical
Co/SiO2 model catalysts of varying cobalt crystallite size

To understand the influence of the cobalt crystallite size on
the reduction behaviour of the spherical Co/SiO2 model cata-
lysts, X-ray absorption near-edge spectroscopy (XANES) was
used. Before this, XANES spectra of all relevant cobalt refer-
ence compounds (i.e., Co0, CoO, Co3O4, and Co2SiO4) were
obtained (Fig. 8). Fig. 8 shows that all oxidic reference com-
pounds display a strong absorption white line (ca. 7730 eV),
with subsequent differences in the spectra for CoO/Co2SiO4
and Co3O4 due to the existence of cobalt ions in different Co–O
environments and oxidation states. It is clear from Fig. 8 that
XANES makes it easy to distinguish among Co0, CoO, Co3O4,
and, to a lesser extent, Co2SiO4.
Fig. 6. Transmission electron microscopy images of a 10 wt% spherical model Co/SiO2 (Degussa) catalyst (Co-28nm) prepared by “impregnation” of a dehydrox-
ylated model silica support obtained from Degussa followed by calcination in air at 250 ◦C and reduction in pure hydrogen at 425 ◦C. Samples following reduction
were passivated in a glove box (O2 = 1 ppm and H2O = 1 ppm).
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Fig. 7. Metallic cobalt crystallite size distribution for spherical Co/SiO2 model
catalysts obtained with TEM. (Q) Co-4nm: 5 wt% Co/SiO2 spherical model
catalyst prepared by deposition precipitation; (F) Co–13nm: 10 wt% spher-
ical model Co/SiO2 catalyst prepared by “impregnation”, i.e., mixing of a
cobalt nitrate solution with the non-porous silica spheres followed by drying;
(2) Co-28nm: 10 wt% spherical model Co/SiO2 (Degussa) catalyst prepared
by “impregnation” of dehydroxylated model silica support obtained from De-
gussa. All spherical model catalysts were calcined in air at 250 ◦C and reduced
in pure hydrogen at 425 ◦C.

Table 1
Crystallite size distributions of reduced spherical Co/SiO2 model catalysts of
differing cobalt crystallite size using in situ D-XRD and ex situ TEM. The
crystallite sizes were corrected for the oxidation state of cobalt

Catalyst Metallic cobalt crystallite size (nm)

TEM In situ D-XRD

Co-4nm 4 4
Co-13nm 13 Not measured
Co-28nm 30 25

Figs. 9a–c show the reduction of spherical Co/SiO2 model
catalysts with large cobalt crystallites (Co-28nm; in situ re-
duction conditions: rate of 5 ◦C/min to 450 ◦C in pure hy-
drogen with a spectrum measured ca. every 60 ◦C), medium
cobalt crystallites (Co-13nm; in situ reduction conditions: rate
of 5 ◦C/min to 450 ◦C in pure hydrogen with a spectrum mea-
sured ca. every 60 ◦C), and small cobalt crystallites (Co-4nm;
in situ reduction conditions: rate of 2 ◦C/min to 150 ◦C with
a spectrum measured ca. every 20 ◦C and a rate of 3 ◦C/min
to 150–450 ◦C with a spectrum measured every 30 ◦C), as fol-
lowed by XANES. The spherical Co/SiO2 model catalysts with
cobalt crystallites >8 nm (Co-13nm and Co-28nm) contained
mainly cobalt in the Co3O4 phase after calcination at 250 ◦C.
Cobalt present in the spherical Co/SiO2 model catalyst with
small cobalt crystallites (Co-4nm) was largely a mixture of
CoO and Co2SiO4 after calcination. The similar XANES spec-
tra of CoO and Co2SiO4 makes it difficult to resolve the mixture
into separate components of CoO and Co2SiO4. The spherical
Co/SiO2 model catalysts Co-13nm and Co-28nm were found
to reduce in two steps, Co3O4 to CoO (ca. 290–320 ◦C) and
CoO to cobalt metal (ca. 320–450 ◦C). Whereas the spherical
Co/SiO2 model catalyst with small cobalt crystallites (Co-4nm)
showed a large one-step reduction from CoO to cobalt metal
(ca. 400–500 ◦C). The reduction of Co2SiO4 is not expected at
such low temperatures [41].
Fig. 8. XANES analyses of cobalt reference compounds Co0, CoO, CO3O4,
and Co2SiO4.

To obtain a quantitative description of the degree of reduc-
tion of the spherical Co/SiO2 model catalysts of varying cobalt
crystallite size, a weighted linear combination of the reference
compounds (Fig. 8) was used. The spherical Co/SiO2 model
catalysts with large cobalt crystallites (Co-13nm and Co-28nm)
reduced readily and had a 89% reduction of Co0 in Co-13nm
and a 95% reduction of Co0 in Co-28nm at 450 ◦C. The spher-
ical model catalyst with small cobalt crystallites (Co-4nm) had
a 65% degree of reduction at 500 ◦C.

3.3. TPR study of the spherical Co/SiO2 model catalysts of
varying cobalt crystallite size

The influence of cobalt crystallite size on the reduction be-
haviour of the Co/SiO2 spherical model catalysts was further
studied with TPR. Fig. 10 shows the TPR spectra of the 5 wt%
Co/SiO2 spherical model catalyst with small cobalt crystallites
(Co-4nm), the 10 wt% Co/SiO2 spherical model catalyst with
medium-sized cobalt crystallites (Co-13nm), and the 10 wt%
Co/SiO2 spherical model catalyst with large cobalt crystallites
(Co-28nm). The spherical Co/SiO2 model catalysts with large
cobalt crystallites (Co-13nm and Co-28nm) were found to un-
dergo a two-step reduction ascribed to the reduction of Co3O4
to CoO [peak 1, Eq. (1)] and of CoO to cobalt metal [peak 2,
Eq. (2)] [41]. This is supported by the ratio of the area of the
second TPR peak and the area of the first TPR peak, which is
close to the stoichiometric hydrogen consumption ratio of 3 for
the two-step reduction of Co3O4 to cobalt metal (Table 2),

Co3O4 + H2 → 3CoO + H2O, (1)

3CoO + 3H2 → 3Co0 + 3H2O. (2)

The small peak at ca. 80 ◦C (peak 1a) is most likely due to
the reduction of residual cobalt nitrate after calcination. The
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(a)

(b)

Fig. 9. Reduction of 10 wt% Co/SiO2 spherical model catalyst with large (Co-28nm) (a), medium sized (Co-13nm) (b), and small (Co-4nm) (c) cobalt crystallites
following calcination at 250 ◦C in air. Reduction conditions: (a,b) 5 ◦C/min to 450 ◦C in pure hydrogen with a spectrum measured every ca. 60 ◦C (* minor cobalt
silicate cannot be ruled out), (c) 2 ◦C/min to 150 ◦C with a spectrum measured every ca. 20 ◦C and 150–450 ◦C at 3 ◦C/min with a spectrum measured every 30 ◦C
(for clarity every second spectrum is shown).
spherical Co/SiO2 model catalyst with small cobalt crystal-
lites (Co-4nm) also showed two reduction peaks. The reduction
steps were shifted to higher temperatures, with the first peak at
around 300 ◦C and the second peak at around 540 ◦C. The first
peak is attributed to the reduction of a small amount of Co3O4
to CoO. The second peak is much larger than the first peak, and
the ratio between the areas of the two peaks is now 8.5. This
second peak is attributed to the one-step reduction of CoO to
cobalt metal due to the fact that the reduction of Co3O4 occurs
at lower temperatures and that of cobalt silicate occurs at much
higher reduction temperatures (i.e., above 800 ◦C) [41]. The
shoulder at 700 ◦C is most likely due to the reduction of cobalt
silicate-like species. Table 2 summarises the areas and positions
of the peaks in the TPR spectra of the spherical Co/SiO2 model
catalysts with varying cobalt crystallite sizes. The temperatures
of the maximum of the first and second peaks in the TPR spec-
trum were found to increase with decreasing cobalt crystallite
size.

3.4. Dynamic in situ XRD study of the spherical Co/SiO2

model catalysts of varying cobalt crystallite size

The resulting cobalt phases for the spherical Co/SiO2 model
catalysts with large (Co-28nm) and small (Co-4nm) cobalt
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(c)

Fig. 9. (continued)

Fig. 10. TPR spectra of (a) spherical Co/SiO2 model catalyst with large cobalt crystallites (Co-28nm) following calcination (b) spherical Co/SiO2 model catalyst with
medium cobalt crystallites (Co-13nm) following calcination and (c) spherical Co/SiO2 model catalyst with small cobalt crystallites (Co-4nm) following calcination
TPR conditions: 5% H2/N2, 25–800 ◦C, 10 ◦C/min.

Table 2
TPR peak positions and areas for the reduction of spherical model catalysts of varying cobalt crystallite sizes

Co/SiO2 (Co-4nm) Co/SiO2 (Co-13nm) Co/SiO2 (Co-28nm)

Peak 1 Peak 2 Peak 1 Peak 2 Peak 1 Peak 2

Tmax ( ◦C) 297 542 200 326 166 287

Ratio peak 2/peak 1 8.5 2.9 2.8
crystallites after reduction (rate of 1 ◦C/min to 425 ◦C in pure
hydrogen), that is, cubic or hexagonal cobalt, was studied using
D-XRD. The spherical 10 wt% Co/SiO2 model catalyst with
large cobalt crystallites (Co-28nm) after calcination in air at
250 ◦C was mainly Co3O4 (Fig. 11a), in agreement with the
XANES findings. The spherical 5 wt% Co/SiO2 model catalyst
with small cobalt crystallites (Co-4nm) was found to display no
signal after calcination, due to the size and amorphous nature
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(a)

(b)

Fig. 11. In situ D-XRD analyses of the reduction of a spherical Co/SiO2 model catalyst with (a) large cobalt crystallites (Co-28nm) and (b) small cobalt crystallites
(Co-4nm) following calcination. Reduction conditions: 1 ◦C/min to 425 ◦C with a spectrum taken every 20 ◦C from 100 to 420 ◦C and every 1 h for 4 h at 425 ◦C.
of the cobalt crystallites (Fig. 11b) after deposition precipi-
tation and calcination. The spherical 10 wt% Co/SiO2 model
catalyst with large cobalt crystallites (Co-28nm) was found to
undergo reduction from Co3O4 to CoO at 160 ◦C and from CoO
to Co metal at 200 ◦C (Fig. 11a). The reduction behaviour of the
spherical 5-wt% Co/SiO2 model catalyst with small cobalt crys-
tallites (Co-4nm) was difficult to follow because of the amor-
phous nature of the sample (Fig. 11b). At 425 ◦C, XRD peaks
were observed for the small cobalt crystallites corresponding to
the cubic and hexagonal cobalt structure (Fig. 11b), indicating
a mixture of the two phases. The spherical 10 wt% Co/SiO2
model catalyst with large cobalt crystallites (Co-28nm) was
also found to be a mixture of cubic and hexagonal cobalt af-
ter reduction at 425 ◦C (Fig. 11a).

3.5. In situ XANES study of the oxidation behaviour of
spherical Co/SiO2 model catalysts of varying cobalt crystallite
size under model conditions

The oxidation behaviour of the spherical Co/SiO2 model cat-
alysts of varying cobalt crystallite size (i.e., Co-4nm, Co-13nm,
and Co-28nm) was studied using in situ XANES. The model
catalysts were reduced in situ (see Fig. 9). Subsequently, each
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Fig. 12. Model oxidation study of spherical Co/SiO2 model catalyst with (a) large cobalt crystallites (Co-28nm), (b) medium cobalt crystallites (Co-13nm), and (c)
small cobalt crystallites (Co-4nm). In situ model oxidation conditions: 2 ◦C/min to 300 ◦C in H2O/He (PH2O = 0.04–0.3 bar (a,c), 0.04 bar (b)) with a spectrum
measured every ca. 40 ◦C.
spherical Co/SiO2 model catalyst of varying cobalt crystallite
size was exposed to a model oxidation environment (in situ
model oxidation conditions: rate of 2 ◦C/min to 300–400 ◦C in
H2O/He (PH2O = 0.04–0.3 bar) with a spectrum measured ca.
every 40 ◦C). The spherical Co/SiO2 model catalyst with large
cobalt crystallites (Co-28nm) was found to undergo little oxi-
dation (i.e., <2%) up to 300 ◦C in a H2O/He (PH2O = 0.04 bar)
environment (Fig. 12a). On increasing the water partial pres-
sure to 0.3 bar at 100 ◦C, slightly greater oxidation (5%) was
observed. In general, the spherical Co/SiO2 model catalyst with
large cobalt crystallites (Co-28nm) was difficult to oxidise with
water. The spherical Co/SiO2 model catalyst with medium-
sized cobalt crystallites (Co-13nm) was found to undergo sig-
nificant oxidation at 100 ◦C and reached a maximum of 30%
oxidation at 300 ◦C in a H2O/He (PH2O = 0.04 bar) environ-
ment (Fig. 12b). Surprisingly, the spherical Co/SiO2 model
catalyst with small cobalt crystallites (Co-4nm) was found to
undergo no oxidation up to 400 ◦C (H2O/He, PH2O = 0.04 bar)
(Fig. 12c) even at higher water partial pressures (0.3 bar).

Because oxidation was expected from bulk thermodynam-
ics [3], it was hypothesised that the lack of oxidation of the
spherical Co/SiO2 model catalyst with small cobalt crystallites
(Co-4nm) was due to encapsulation of the cobalt crystallites
with silica. An attempt was made to verify this encapsulation
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Fig. 12. (continued)
hypothesis using HRTEM. The 5 wt% Co/SiO2 spherical model
catalyst prepared by deposition precipitation (calcined in air
at 250 ◦C) was reduced in pure hydrogen at 500 ◦C. However,
HRTEM revealed no encapsulation of the cobalt crystallite with
silica at this reduction temperature, most likely due to the pres-
ence of a monolayer of silica, which is difficult to establish with
TEM. Hence, to facilitate observation of the encapsulation (i.e.,
by thickening the silica layer), the reduction temperature of the
spherical Co/SiO2 model catalyst with small cobalt crystallites
(Co-4nm) was increased to 700 ◦C. Subsequently, a thick layer
of amorphous silica around the cobalt crystallites could be ob-
served with TEM (Fig. 13), indicating that silica can undergo
migration during reduction and is most likely responsible for
the stability of the nanosized cobalt crystallites against oxida-
tion. Because of the encapsulation of the small cobalt crystal-
lites (Co-4nm) with silica, relevant oxidation studies carried out
under model FTS conditions (i.e., PH2O/PH2 = 1) had no im-
pact. Hence, whether small cobalt crystallites can deviate from
bulk-phase thermodynamics cannot be determined.

4. Discussion

Table 3 summarises the physiochemical properties of the
spherical model catalyst of varying Co crystallite size.

4.1. Influence of cobalt crystallite size on the reduction
behaviour of Co/SiO2 spherical model catalysts

The spherical Co/SiO2 model catalysts following prepara-
tion and calcination were characterised with XRD, XANES,
and TPR to establish a relationship between cobalt crystallite
size and the resulting calcined and reduced states. The spherical
Co/SiO2 model catalyst with small cobalt crystallites (Co-4nm)
Fig. 13. TEM analyses of the spherical 5 wt% Co/SiO2 model catalyst with
small cobalt crystallites (Co-4nm) following reduction at 700 ◦C in pure hy-
drogen (arrows indicate silica migration).

was found to be largely in an amorphous CoO and Co2SiO4

state after calcination (XANES, TPR) and to undergo an es-
sentially one-step reduction at ca. 400–500 ◦C. The difference
in the onset of cobalt oxide reduction among XRD, XANES,
and TPR is due to differences in the reduction conditions (i.e.,
heating rate, hydrogen space velocity, and hydrogen concen-
tration). The amorphous state of cobalt catalysts prepared by
precipitation with ammonia was reported previously [42]. The
ratio between CoO and Co2SiO4, for the spherical model cat-
alyst with small cobalt crystallites is difficult to quantify with
XANES, due to the similarity of the CoO and Co2SiO4 spec-
tra. However, based on the 65% degree of reduction at 500 ◦C
(XANES), the remainder of the unreduced cobalt can be as-
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Table 3
Physicochemical properties of spherical Co/SiO2 model catalysts of varying cobalt crystallite size

Co sizea

(nm)
Dispersionb

(%)
Calcined
phasec

Reduced

phased
Degree of
reductione

(%)

TPR ( ◦C) Degree of
oxidation in
H2O/Hef (%)

Peak 1 Peak 2
Co3O4–CoO CoO–Co0

4 24 CoO/Co2SiO4 Cubic/hexagonal 65 Co0 297 542 0 (encapsulation)
13 7 Co3O4 – 89 Co0 200 326 30
28 3 Co3O4 Cubic/hexagonal 98 Co0 166 287 <2

a Average of TEM and XRD measurements.
b Dispersion = 96/dnm.
c As observed with XANES. Calcination condition: 250 ◦C in air.
d As observed with in situ XRD. Reduction conditions: 425 ◦C in pure hydrogen.
e As determined from XANES using a linear combination of reference compounds.
f Following in situ model oxidation study with XANES at 300–400 ◦C in H2O/He (0.04 bar).
sumed to be in a silicate-like phase (35%). Cobalt silicates are
known to reduce at temperatures above 800 ◦C [41].

The spherical model catalysts with large cobalt crystal-
lites (Co-13nm and Co-28nm) were found to be in a well-
crystallised Co3O4 phase (i.e., after calcination) and to undergo
a two-step reduction from Co3O4 to CoO and from CoO to Co
metal as observed with XRD, TPR, and XANES. Little cobalt
silicate was present for these model catalysts (<10% based on
the degree of reduction) due to the pH of the impregnation solu-
tion (i.e., pH = 3), which minimises the contact and interaction
between the cobalt nitrate precursor and silica surface during
preparation.

Cobalt crystallite size was also found to affect the reducibil-
ity of the spherical Co/SiO2 model catalysts. With TPR, the
reduction of CoO to cobalt metal was found to be strongly de-
pendent on cobalt crystallite size; that is, nanosized (3–4 nm)
cobalt crystallites underwent reduction at 540 ◦C, and the larger
(i.e., >8 nm) cobalt crystallites underwent reduction at 287–
330 ◦C (Fig. 14). The need for high temperatures to initiate
reduction of the small cobalt oxide crystallites is due to the
surface energy of the resulting cobalt crystallites [23] after re-
duction.

4.2. Influence of cobalt crystallite size on the reduced cobalt
phase (i.e., cubic vs. hexagonal cobalt)

The metallic cobalt phase of the spherical Co/SiO2 model
catalysts with large and small cobalt crystallites (i.e., Co-28nm
and Co-4nm) were characterised with in situ D-XRD after the
samples were reduced. Table 4 summarises the peak heights
of the XRD spectra of the spherical Co/SiO2 model catalysts
with large (Co-28nm) and small (Co-4nm) cobalt crystallites
compared with the cubic and hexagonal cobalt reference spec-
tra [35].

In the light of the fact that the reduction of the spher-
ical Co/SiO2 model catalysts were carried out at near the
hexagonal-to-cubic phase transition temperature (i.e., 422 ◦C
[43]), one might postulate that this is the reason for the result-
ing mixture of cubic/hexagonal cobalt. However, with in situ
D-XRD, the cubic/hexagonal mixture for the spherical Co/SiO2
model catalyst with large cobalt crystallites (Co-28nm) was
observed at a very low temperature (290 ◦C), which strongly
Fig. 14. Influence of cobalt crystallite size on the reducibility of Co3O4 to CoO
(peak 1) and CoO to Co metal (peak 2) as observed with TPR.

Table 4
Reference intensities for cubic and hexagonal cobalt as compared to the nor-
malised (002) intensities of the spherical model cobalt samples of varying
crystallite size (Co-4 and Co-28nm)

Planes
(hkl)

hcp* fcc* Co-28nm Co-4nm

100 44 – 29 –
002 50 100 100 100
101 100 – 32 45
200 – 42 10 28
220 35 23 29 –

* Average of two reference compounds from JCPDS [35].

disproves this hypothesis for this model catalyst. Previous au-
thors have proposed that the cubic/hexagonal mixtures ob-
served for cobalt catalysts are due to the presence of stack-
ing faults [44]. The driving force for these stacking faults
is the low energy required for the sliding of the cobalt lay-
ers (Ea = 14 kJ/mol per Co atom). Smaller cobalt crystallites
seem to have more cubic cobalt, as demonstrated by the loss of
the hexagonal 100 peak and the increased broadness of the cu-
bic 200 peak. This has been observed for cobalt thin films; that
is, the thinner the film, the greater the cubic cobalt phase [45].
Hence, it can be concluded that larger cobalt crystallites (Co-
28nm) consist of a faulted mixture of cubic and hexagonal
crystallites and that smaller cobalt crystallites (Co-4nm) appear
to be more cubic, with a fraction of hexagonal cobalt.
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4.3. Comparison of the oxidation behaviour of spherical
model catalysts of differing cobalt crystallite size with in situ
XANES

After reduction, the spherical model catalysts of varying
cobalt crystallite sizes were subjected to model oxidation stud-
ies (H2O/He). The Co/SiO2 spherical model catalyst with large
cobalt crystallites (Co-28nm) was found to be extremely diffi-
cult to oxidise with H2O/He mixtures up to PH2O = 0.3 bar, that
is, <5% oxidation at 100 ◦C. Based on a dispersion of 4% [22],
this translates to a surface layer of cobalt oxide assuming sim-
ilar reactivity of 23 and 45 nm cobalt crystallites. The stability
of the large cobalt crystallites (Co-28 nm) is due to the well-
faceted (seen clearly in Fig. 6) nature of these crystallites with
few defects in the cobalt stacking to aid in the dissociation
of water. It has been shown that for nanosized gold crystal-
lites, well-faceted or closed-shell structures are very stable to
oxidation by O2 [46]. The stability of large cobalt crystallites
(�28 nm) to oxidation is also often revealed by TEM, which
shows a thinner layer of oxide after passivation compared with
smaller (<13 nm) cobalt crystallites.

The spherical Co/SiO2 model catalyst with medium-sized
cobalt crystallites (Co-13nm) was found to undergo substantial
oxidation (i.e., 30%) at 300 ◦C in a H2O/He mixture (PH2O =
0.04 bar). Based on a dispersion of 10% [22], this translates
into three or four layers of cobalt oxide. The ease of this oxi-
dation is driven by the curvature of cobalt crystallites <13 nm,
which have a significant number of defects. The general con-
sensus in the literature is that defects are the preferred sites for
dissociation [47] and can explain the higher reactivity of 13 nm
cobalt crystallites compared with 28 nm cobalt crystallites. Al-
though this cannot be directly translated to the FTS due to the
exclusive use of water as a probe molecule, it gives an indica-
tion of the sensitivity of cobalt crystallite size to oxidation and
the general difficulties entailed in the oxidation of cobalt with
water at these conditions (PH2O = 0.04–0.3 bar, 2–3 h exposure
time, 25–300 ◦C).

The spherical Co/SiO2 model catalyst with small cobalt
crystallites (Co-4nm) was surprisingly found to undergo no
surface oxidation under model oxidation conditions (H2O/He,
PH2O = 0.3 bar, 400 ◦C), in contradiction to bulk thermo-
dynamics [3]. This was attributed to encapsulation of the
small cobalt crystallites with silica as observed with HRTEM.
The migration of silica after reduction at temperatures above
500 ◦C was previously reported for impregnated Co/SiO2 cat-
alysts [43]. Because this effect was also observed for Co/SiO2
catalysts prepared by impregnation, the current encapsulation
cannot be ascribed to preparation of the model catalyst by pre-
cipitation in a strong basic medium.

5. Conclusion

Reasonably well-defined Co/SiO2 model catalysts with aver-
age cobalt crystallite sizes of 4, 13, and 28 nm can be prepared
on silica spheres. These spherical model silica catalysts provide
optimum and superior TEM characterisation. After calcination,
the spherical Co/SiO2 model catalyst with large cobalt crystal-
lites (i.e., >8 nm) had a well-defined crystalline Co3O4 phase,
whereas the spherical model catalyst with small cobalt crystal-
lites (4 nm) had an amorphous CoO phase. After reduction, all
of the spherical Co/SiO2 model catalysts were found to contain
a mixture of fcc and hcp cobalt. The spherical Co/SiO2 model
catalyst with small cobalt crystallites (4 nm) did not oxidize in
He/H2O model environments (PH2O = 0.3 bar, 400 ◦C), due to
encapsulation of the metallic cobalt with silica after reduction.
The spherical Co/SiO2 model catalyst with medium-sized (i.e.,
13 nm) cobalt crystallites underwent oxidation at 100 ◦C and
reached a maximum oxidation of 30% at 300 ◦C. The oxidation
was limited to three or four layers of the surface of the cobalt
crystallites. The spherical Co/SiO2 model catalysts with large
(i.e., 28 nm) cobalt crystallites underwent very little oxidation
(i.e., <2%) at 300 ◦C. In general, it was found that the oxida-
tion of spherical Co/SiO2 model catalysts with water is difficult
and size-dependent.
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