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a b s t r a c t

The role of the cobalt particle size distribution in the Fischer–Tropsch (FT) reaction for supported Co cat-
alysts was investigated. Using TEM histogram analyses and activity measurements of carbon nanofiber-
supported catalysts, the TOF of discrete Co particle sizes was calculated. It was found that cobalt particles
of 4.7 ± 0.2 nm are the most active in the FT reaction (1 bar, 220 �C), and a narrow Co particle size distri-
bution is clearly essential to arrive at the maximum activity. We have approached this requirement for
maximum FT activity with an 18 wt.% Co/SiO2 catalyst prepared via impregnation, drying and calcination
in NO/He. The more narrow Co particle size distribution (4.6 ± 0.8 nm) in Co/SiO2 led to an activity
enhancement of �40% compared to Co/CNF (5.7 ± 1.4 nm), although some promoting effect of silica could
not be excluded.

� 2010 Elsevier Inc. All rights reserved.
1. Introduction

In the Fischer–Tropsch (FT) reaction, synthesis gas (CO and H2)
is converted into higher hydrocarbons. Using this process, hydro-
carbon fuels can be synthesized from variable sources (coal, gas
and biomass), thus providing an alternative to fuels from crude
oil. Active and selective catalysts for the FT reaction are mainly
based on Co or Fe. Especially for Co, due to its higher price and low-
er availability, an effective use of the metal is required, which can
be achieved by decreasing the metal particle size. However, for too
small cobalt particle sizes a drop in activity is observed, as for
example reported by Bartholomew [1,2] and Yermakov [3,4].
Hence, an optimal particle size is often reported. For example, Bar-
bier et al. reached the highest weight-based activity with cobalt
particle sizes of 5.5 nm [5]. Bezemer et al. showed an optimum co-
balt particle size of 6 nm on carbon nanofibers (CNF) for FT exper-
iments performed at 1 bar, H2/CO = 2, 220 �C [6]. Our recent
Steady-State Isotopic Transient Kinetic measurements (1.85 bar,
H2/CO = 10, 210 �C) with similar catalysts showed changes in cov-
erages and residence times of FT intermediates, and among others
the presence of irreversibly bonded CO for Co particle sizes smaller
than 5–6 nm [7].

These catalysts were often prepared by impregnation, drying,
calcination and reduction. This approach, in general, results in
ll rights reserved.
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catalysts with a more or less broad distribution of the sizes of
the cobalt crystallites. For a system with a size-independent sur-
face-specific activity (Turn-Over Frequency, TOF), the surface-aver-
age particle size would be sufficient to describe a size–activity
relationship. However, since for the Fischer–Tropsch reaction dif-
ferent particle sizes show different surface-specific activities
[6,7], an analysis of the size–activity relationship on the basis of
average Co particle sizes will be limited, and a refinement through
the use of particle size distributions is required.

In the first part of this study, cobalt on carbon nanofiber cata-
lysts are used as a model system. Carbon nanofibers were chosen
because of their chemical inertness, which allows to study the
intrinsic activity of cobalt particles. From cobalt size distribution
curves and FT activities of eight catalysts, we estimate the intrinsic
TOF for discrete particle sizes via an iterative analysis. The results
are used to calculate the Co particle size at which maximum activ-
ity is reached.

In the second part, this knowledge is applied to synthesize a
catalyst on a conventional oxidic support material (SiO2) with a
narrow Co particle size distribution close to the calculated optimal
size. Approaches to synthesize a ‘monodisperse’ cobalt catalyst
may involve impregnation, sometimes with the use of organic pre-
cursor complexes and/or chelating ligands [8–11] or the use of col-
loids [12,13]. Aqueous impregnation using a cobalt nitrate
hexahydrate precursor is still most widely applied. The main rea-
sons for the use of the nitrate precursor are cost-effectiveness, high
loadings via single-step impregnation and easy removal of the
ligand. However, the reduced catalysts prepared via this method
show in general a low metal dispersion and broad particle size
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distribution. The poor dispersion of supported catalysts prepared
via nitrate precursors has been ascribed to redistribution during
drying or agglomeration during calcination. In a recent study, we
showed that it is possible to prevent this redistribution by the
use of a modified calcination treatment in NO/He flow [14–16].
Using this calcination procedure, we have been able to synthesize
a highly loaded FT catalyst with a narrow particle size distribution
from a nitrate precursor on a conventional silica support. The effect
of the NO calcination on the cobalt oxide particle size distribution
was studied and compared with the results found for an air-cal-
cined catalyst. The reducibility of the small cobalt oxide crystallites
prepared via NO calcination was investigated with XANES analysis.
These catalysts were subsequently reduced and tested in the
Fischer–Tropsch synthesis at 220 �C, 1 bar.
2. Materials and methods

2.1. Catalysts preparation

2.1.1. Co/CNF
The carbon nanofiber support (fishbone-type) with a fiber

diameter of about 30 nm was obtained as described before [17].
The cobalt catalysts were synthesized using incipient wetness
impregnation, in which cobalt loading (0.9–13 wt.%), cobalt pre-
cursor (cobalt nitrate or cobalt acetate) and solvent (water or eth-
anol) were varied. After impregnation, the catalysts were dried in
air at 120 oC for 12 h. The cobalt on carbon nanofiber catalysts
were reduced at 350 �C (5 �C min�1) for 2 h in a flow of 33 vol.%
hydrogen, which was followed by an oxidation treatment to CoO
at room temperature by diffusion of air to the reactor, thereby pre-
venting complete oxidation to Co3O4. This yielded Co/CNF catalysts
with various average particle sizes (2.6–11 nm).

2.1.2. Co/SiO2

The cobalt on silica catalysts were prepared via incipient wet-
ness impregnation. Silica (Grace-Davison Davicat 1454SI silica
gel, BET surface area = 500 m2 g�1, pore volume = 1.1 mL g�1 and
6 nm average pore size) was impregnated with an aqueous cobalt
nitrate solution, to achieve a cobalt loading of 18 wt.%. Subse-
quently, the catalyst was dried by heating the samples from room
temperature (RT) to 70 �C at a heating rate of 1 �C min�1 and kept
at this temperature for 12 h. Next, the dried catalyst (100 mg) was
calcined in a 100 mL min�1 flow of 1 vol.% NO in He. The sample
was heated from RT to 240 �C at a rate of 1 �C min�1 and kept at
this temperature for 1 h. For comparison, another batch of the cat-
alyst was calcined in air following the same procedure of flow and
ramp. The NO and air calcinations are abbreviated NC and AC,
respectively.

A platinum promoted cobalt on silica catalyst was prepared via
co-impregnation of an aqueous solution of platinum tetrammoni-
um nitrate (0.05 wt.% Pt) (Aldrich) and cobalt nitrate hexahydrate
(18 wt.% Co) (Merck). After impregnation, the catalyst was dried
and calcined in NO/He or air as described earlier.

All catalysts (25 mg) were reduced at 550 �C (Co/SiO2) or 450 �C
(CoPt/SiO2) with a heating rate of 5 �C min�1, 2 h, in a 60 mL min�1

flow of 33 vol.% H2 in N2. Next, the catalysts were oxidized in air to
CoO at room temperature.

2.2. Catalyst characterization

The reduced and oxidized catalysts were applied to a carbon
support film via suspension in ethanol. The TEM measurements
(bright-field mode) were conducted with a Tecnai 20 FEG micro-
scope operating at 200 kV. The cobalt particle diameters from more
than 200 particles for each sample were measured using iTEM soft-
ware (Soft Imaging System GmbH). For non-symmetrical particle
shapes, both the largest and shortest distance were measured to
obtain an average value for the particle diameter. Since the cobalt
particles show the CoO phase after the oxidation treatment mainly,
as confirmed by XRD and XAS measurements, the cobalt metal par-
ticle sizes were calculated according to Eq. (1)

dðCoÞ ¼ qðCoOÞ �MwðCoÞ
qðCoÞ �MwðCoOÞ

� �1=3

� dðCoOÞ ð1Þ

As the Co particle sizes in this study were small (<20 nm), it was as-
sumed based on literature [18] that all catalysts showed FCC stack-
ing only.
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were calculated [19]. The standard deviation (r = ((
P

(di � dSW)2)/P
ni)½) was calculated assuming a Gaussian spread. Subsequently,

the Co particle sizes were distributed over equally sized bins in the
histogram analysis. A bin size of 0.50 nm was chosen, with a bin
center ranging from 1.0, 1.5, 2.0, 2.5, . . . , 20 nm. To check the effect
of binning, three other bins were used with different bin size (0.25
or 1.00 nm) and/or bin center. Since these analyses yielded virtu-
ally identical results, we only show the results obtained with the
0.5 nm bins. The histograms were normalized assuming spherical
particles and subsequently fitted using a lognormal distribution
[20].

XPS measurements on the Co/CNF samples were conducted
with a Vacuum Generators XPS system (Al–Ka radiation). From
the Shirley background normalized C(1s) and Co(2p) peaks, the co-
balt oxide particle size was calculated [6,21,22]. Subsequently, the
surface-average cobalt particle size was calculated by correcting
for the contraction of CoO to Co as described earlier.

X-ray absorption spectroscopy (XAS) on the Co K-edge was per-
formed at the DESY synchrotron (Hamburg, Germany) at beamline
C (4.44 GeV, mean current 120 mA), using a Si(1 1 1) double crystal
monochromator. As reference, a cobalt foil was measured simulta-
neously in a third ionization chamber. The calcined catalysts
(50 mg) were diluted with 50 mg BN, pressed into a pellet and
mounted in a dedicated transmission cell. The samples were
in situ reduced in a �200 mL min�1 hydrogen flow (33 vol.% H2 in
He) at either 450 �C or 530 �C for 2 h, with a ramp of 5 �C min�1.
The samples were subsequently cooled in an H2 flow to liquid
nitrogen (LN) temperature, at which temperature the spectra were
measured. Next, the samples were heated to 220 �C, and CO was
added to the flow of hydrogen (H2/CO = 2 v/v). The FT reaction
was performed for 2 h prior to a XAS measurement at LN temper-
ature. Spectra of Co3O4, CoO and cobalt foil were measured as ref-
erences. The absorption spectra were analyzed as described
elsewhere [23,24]. The X-ray Absorption Near-Edge (XANES) part
of the XAS measurements was used to determine the degree of
reduction. To this end, principal component analysis by linear com-
bination of the CoO and Co foil spectra was used to fit the whiteline
intensity of the AC and NC catalysts.

2.3. Catalytic testing

The Fischer–Tropsch reaction was performed at 220 oC at 1 bar
in a plug-flow reactor with an H2/CO ratio of 2 v/v. Typically, 20 mg
catalyst (90–150 lm), mixed with 200 mg SiC (200 lm), was
loaded in the reactor in order to achieve isothermal plug-flow con-
ditions. The calcined catalysts were in situ reduced at temperatures
ranging from 350 to 600 �C, for 2 h, with a ramp of 5 �C min�1 in
20 mL min�1 H2 and 40 mL min�1 Ar. Online gas chromatography
analysis (C1–C16) was performed during the FT reaction to deter-
mine the activity and selectivity (wt.%) toward C1 (methane) and
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C5+ hydrocarbons. The activity was expressed as Cobalt-Time Yield
(CTY, 10�5 molCO g�1

Co s�1). The reported activity and selectivity data
are obtained after at least 20 h of FT synthesis and at 2% CO
conversion.

3. Results and discussion

3.1. TEM histogram analysis and calculation of intrinsic TOF

The TEM images of eight Co/CNF catalysts with different cobalt
particle sizes are provided in the Supplementary Information (SI) –
A, together with their cobalt particle size histograms. An example
of a TEM image, particle size distribution and its lognormal fit
are provided in Fig. 1.

Details of the preparation, cobalt sizes and FT activities of these
Co/CNF catalysts are shown in Table 1. Part of these results was ta-
ken from Bezemer et al. [6]. For the TEM particle sizes, both the
diameter-weighted, surface-weighted and volume-weighted diam-
eters were calculated.

The histograms were fitted using a lognormal fit to obtain the
particle size distribution in the limit of an infinite number of size
measurements. Based on these lognormal distributions and the
overall activity of the eight catalysts, an estimate of the intrinsic
surface-specific activity (TOFi,n) for each particle size was made,
using following procedure. First, the number of cobalt surface
atoms per gram of cobalt in each bin for each catalyst was calcu-
lated. Next, an intrinsic surface-specific activity (TOFi,n) was attrib-
uted to a specific Co particle size, i.e. the center of a histogram bin.
As an initial guess for this intrinsic activity, the TOF-size relation-
ship found by Bezemer et al. [6] was taken. Subsequently, this
TOFi,n was multiplied by the number of cobalt surface atoms per
gram cobalt present in the corresponding bin. Summation over
all bins yielded a calculated activity (CTY) value. This procedure
was performed for all catalysts, which enabled to compare a num-
ber of measured and calculated CTY values. In the last step, the
intrinsic activity was iteratively changed to match measured and
calculated CTY values. From the eventual estimated intrinsic activ-
ities, the Co particle size corresponding to the maximum activity
Fig. 1. Example of a TEM image (A) and histogram analysis (B) (0.5 nm bins) for a Co/C
fitting curve.
was calculated. A detailed description of the analysis and calcula-
tions is provided in SI – B.

In Fig. 2A, an example of the estimated intrinsic TOF, for which
the best fitting result was obtained, is shown as function of the Co
particle size. Based on this, the weight-based activities (CTY) for
various Co/CNF catalysts could be calculated. In Fig. 2B, this calcu-
lated CTY is plotted versus the measured CTY, showing the validity
of the estimation of the intrinsic TOF.

Based on this TOFi–size relationship, it was concluded that the
cobalt particle size for maximum CTY is found at 4.5 nm for
0.5 nm bin size. However, as the theoretical optimum particle size
depends slightly on the bin size in the histogram analyses, an over-
all optimum cobalt particle size of 4.7 ± 0.2 nm is obtained (SI – B).

With the intrinsic surface-specific TOF, CTY values for theoreti-
cal mono-sized Co catalysts were calculated as a function of the co-
balt particle size and are plotted in Fig. 3A. In the same graph, the
activities of the Co/CNF catalysts from Bezemer et al. [6] are dis-
played, as function of their surface-weighted particle size.

In Fig. 3A, it can be observed that the activity of the optimal
Co/CNF catalyst (IEN8) is significantly lower than the theoretical
maximum activity found for the optimum Co size. To explain
the lower activity of this Co/CNF catalyst, the particle size distri-
bution of this catalyst is plotted in Fig. 3B while the optimum size
of 4.7 ± 0.2 nm is included (hedged area). Since the maximum of
the size distribution coincides nicely with the hedged area, the
lower activity of this Co/CNF catalyst should be attributed to
the particle size distribution, rather than the difference in sur-
face-weighted size. Most importantly, since the tail in the size
distribution contains a relative large cobalt mass fraction
(�60% > 6 nm), a lower activity (3.5 � 10�5 molCO g�1

Co s�1) is found
when compared to the theoretical maximum CTY of (4.5 ± 0.2) �
10�5 molCO g�1

Co s�1. This underlines the need for the synthesis of a
catalyst with a narrow particle size distribution close to the
optimum Co size in order to approach the maximum FT activity.
Hereafter, we report on the synthesis a silica-supported cobalt
catalyst to approach to the latter situation and to apply the newly
developed ‘‘design rules”.
NF catalyst (IWN13). The solid line in the histogram graph represents a lognormal



Table 1
Cobalt on carbon nanofiber catalysts with their preparation details, loadings, particle sizes and FT activities.

Catalyst Solvent Precursor Co loading (wt.%) XPSa (nm) TEMb dDW (nm) TEMb dSW ± r (nm) TEMb dVW (nm) FTc activity Selectivity (wt.%)

C1 C5+

IWN13d Water Cobalt nitrate 13 8.5 6.2 6.9 ± 2.6 7.8 2.17 39 28
IWN12 Water Cobalt nitrate 12 10 10.8 11.3 ± 3.2 11.8 1.52 38 29
IWN10 Water Cobalt nitrate 9.9 11 8.3 9.7 ± 5.0 11.6 1.83 43 26
IEN8d Ethanol Cobalt nitrate 7.5 5.9 5.3 5.7 ± 1.4 6.0 3.51 40 30
IEN4 Ethanol Cobalt nitrate 3.8 4.6 4.0 4.3 ± 1.3 4.7 2.08 43 27
IWA4d Water Cobalt acetate 4.2 4.1 2.9 3.2 ± 1.0 3.6 1.46 47 24
IWA1 Water Cobalt acetate 0.9 2.9 2.7 2.8 ± 0.8 3.0 0.93 56 16
IWA1d Water Cobalt acetate 1.0 2.6 2.3 2.4 ± 0.7 2.5 0.80 53 18

a Based on C and Co XPS signals.
b Diameter-weighted (dDW), surface-weighted (dSW) and volume-weighted (dVW) average cobalt particle sizes (nm) after reduction and passivation, including the standard

deviation (r (nm)).
c CTY = 10�5 molCO g�1

Co s�1.
d Catalyst data from Bezemer et al. [6].

Fig. 2. (A) Estimated intrinsic TOF as function of Co particle. (B) Calculated CTY versus measured CTY of Co/CNF and Co/SiO2 and theoretical maximum activity (CTY).

Fig. 3. (A) Calculated CTY based on intrinsic TOF values (triangles). Measured CTY values (s) by Bezemer et al. [2] are added for comparison. (B) Cobalt size distribution of the
most active Co/CNF catalyst (IEN8). The hedged area indicates the optimum size of 4.7 ± 0.2 nm.
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Fig. 4. TEM images of reduced (550 �C) and oxidized AC (A) and NC (B) Co/SiO2 catalysts.

Fig. 5. Cobalt particle size distribution (g�1
Co ) for reduced (550 �C) and oxidized AC

and NC Co/SiO2 catalysts. The solid lines indicate a lognormal fit to the data.

Table 2
Degree of reduction of AC and NC Co(Pt)/SiO2 catalysts as obtained from XANES
analysis.

Catalyst Calcination Reduction
temperature
(�C)

Degree of
reduction after
reduction (%)

Degree of
reduction after
2 h FT reaction (%)

Co Air 450 96 ± 5 96 ± 5
Co NO 450 77 ± 5 88 ± 5
Co NO 530 82 ± 5 89 ± 5
Co Pt NO 450 96 ± 5 94 ± 5
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3.2. Cobalt dispersion of Co/SiO2 catalysts from TEM analysis

For the preparation of Co/SiO2 catalysts, a support material with
a pore diameter of 6 nm was chosen. This was to ensure that the
eventual Co particle size would end up close to the theoretical opti-
mum cobalt size of 4.7 ± 0.2 nm [25,26]. TEM analysis was used to
investigate the cobalt particle size and particle size distribution of
the air-calcined (AC) and nitric oxide-calcined (NC) Co/SiO2 cata-
lysts in more detail, after a reduction (550 �C) and oxidation treat-
ment (r.t.).

When comparing the TEM analyses (Fig. 4) of the AC and NC
samples, it is clear that NO calcination results in significantly smal-
ler Co particle sizes. Moreover in the case of AC, the Co particles
tend to cluster together (cf. inset in Fig. 4A), leaving parts of the sil-
ica surface empty. Based on these TEM measurements, a histogram
analysis of the cobalt particle size distribution was obtained for the
AC and NC samples (Fig. 5).

From this graph, it is evident that a significant narrowing in par-
ticle size distribution is obtained with NO calcination (r = 0.8 nm)
when compared to air calcination (r = 8.1 nm). Moreover, for this
NC catalyst, a size distribution was found with a surface-weighted
size (dSW = 4.6 nm) close to the theoretical optimum particle size.

Since small Co particles are obtained with NO calcination,
reducibility might become an issue [27–29]. Therefore, the degree
of reduction of the in situ reduced AC and NC catalysts was deter-
mined using a principle component analysis of the XANES spectra.
These XANES spectra are provided in SI – C.
From Table 2, it can be seen that the relatively large cobalt oxide
crystallites as obtained with air calcination were fully reduced at
450 �C. However, to achieve a similar degree of reduction for the
NC samples, with a smaller Co particle size, a higher reduction
temperature (530 �C) was needed. From the nearly complete
reduction at 450 �C for the Co Pt catalyst, it can be concluded that
the addition of Pt facilitates the reduction significantly. Moreover,
exposure to FT conditions for 2 h also increases the degree of
reduction, most likely due to the highly reducing environment of
H2 and CO. This phenomenon has been observed earlier for exam-
ple for Co/Al2O3 catalysts [30,31].
3.3. FT reaction with Co/SiO2 catalysts

The Co/SiO2 catalysts were tested in the Fischer–Tropsch reac-
tion as described earlier. The FT activities (CTY), methane and
C5+-selectivities were determined from the hydrocarbon produc-
tion. An overview of the FT results is provided in Table 3.

For the FT synthesis performed at 1 bar and using NO and air-
calcined Co/SiO2 catalysts, it can be concluded that NO calcination
has a tremendous positive impact on the activity, since the CTY in-
creases by a factor 2. This originates from a more narrow size dis-
tribution with an average Co size close to the optimum calculated
Co particle size. However, a higher methane and lower C5+-selec-
tivity is found for NO-calcined catalysts in line with results of Hol-
men and co-workers. The latter authors have shown that the
aggregation of Co particles lead to higher C5+ selectivity [25]. For
isolated Co nanoparticles, additional promoter elements might be
mandatory for high C5+ selectivity [32]. The possibility of enhanc-
ing C5+-selectivity of small (2–6 nm) Co particles was for example
shown by Morales et al. [33]. Also, current research focuses on the
promotion of the NC Co/SiO2 catalysts.
3.4. Optimum cobalt particle size – theory and practice

In the first part of this paper, the need for a narrow Co particle
size distribution with an average size of 4.7 ± 0.2 nm was derived.



Table 3
FT activity and selectivity and particle sizes for Co/CNF, NC and AC Co/SiO2 catalysts as function of treatment and support material (220 �C, H2/CO = 2 v/v, 1 bar).

Catalyst Calcination
environment

Reduction time, temperature
(�C)

Co3O4 crystallite size
(nm)a

Co particle size
(nm)b

CTY (10�5

molCO g�1
Co s�1)

Selectivity
(wt.%)

C1 C5+

Co/CNF
(IEN8)

Air 2 h, 350 7 5.7 ± 1.4 3.51 40 30

Co/SiO2 Air 2 h, 550 11 15.8 ± 8.1 2.41 17 57
Co/SiO2 NO/He 2 h, 550 5 4.6 ± 0.8 4.80 28 35
Co Pt/SiO2 NO/He 2 h, 450 5 4.7 ± 0.8 4.85 30 32

a As determined with XRD (2h = 43�).
b Average cobalt particle size (dSW) from TEM analysis determined after reduction and passivation.
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By applying an NO calcination treatment of a Co/SiO2 catalyst, we
met this requirement. The significantly higher activity found for
this catalyst when compared to Co/CNF catalysts was ascribed to
the more narrow size distribution combined with a surface-aver-
age size close to the theoretical optimum. However, if the intrinsic
TOFi values (Fig. 2A) are used together with the size distribution
shown in Fig. 5, the expected CTY value equals 3.8 � 10�5 molCO

g�1
Co s�1, which is lower than the measured value of 4.8 � 10�5

molCO g�1
Co s�1. The fact that a higher value than the expected value

is observed (Fig. 2B) might be due to a promoting effect of an
oxidic support material [34], since a similar difference is found for
the air-calcined catalyst where values of 1.8 � 10�5 molCO g�1

Co s�1

(calculated) and 2.4 � 10�5 molCO g�1
Co s�1 (measured) were found

(Fig. 2B). This might be an electronic promotion effect like has been
observed after the addition of transition metal oxides to cobalt
catalysts [32]. However, distribution broadening due to the error
in the TEM size measurements (�15%) will affect the activity calcu-
lations too. Finally, it might also indicate that the optimum Co
particle size is somehow support dependent and is smaller for
silica than CNF. This could result from different interactions be-
tween the cobalt particles and either the silica or CNF material,
which possibly influences the cobalt particle shape as well. A
smaller optimum size on silica, though, is in contrast with results
found at high FT pressures, which showed a larger optimum Co
particle size (10 nm) for Co/ITQ2 catalysts [35] than Co/CNF cata-
lysts, which showed an optimum size of 8 nm [6].

Next to the catalyst properties, the optimal Co particle size is
also dependent on the FT process conditions like pressure and tem-
perature. Bezemer et al. [6] already showed that the optimum Co
particle size might shift to somewhat higher values for high pres-
sure FT experiments. Therefore, it would be of interest to synthe-
size catalysts with a larger average Co size, showing similar
narrow size distributions. For FT tests at elevated syngas pressures,
however, significant partial pressures of water at high conversions
have a strong influence on Co/SiO2 catalysts [36], which might
change the optimum Co size. Finally, the addition of promoter ele-
ments might influence the maximum activity as well. Aim of the
current work, though, was to provide a methodology for the
enhancement of the activity of catalysts rather than providing an
extensive study toward an optimum size at various test conditions.
For the optimal cobalt particle size for the selectivity, although
outside the scope of this paper, a similar study is advocated.

4. Conclusions

Cobalt on carbon nanofiber catalysts were successfully applied
as a model system to deduce the contribution of Co particles with
a specific size to the overall Fischer–Tropsch (FT) activity. From
histogram analyses of cobalt particle size distributions and activity
measurements, the intrinsic activity for specific cobalt sizes was
estimated. Using this analysis, an optimum cobalt particle size of
4.7 ± 0.2 nm and a concurrent maximum activity (4.5 ± 0.2) � 10�5
molCO g�1
Co s�1 was calculated for Co/CNF catalysts in the FT reaction

(1 bar and 220 �C). From the comparison of the activities of the
theoretical mono-sized and the Co/CNF catalyst found by Bezemer
et al., it was concluded that the Co particle size distribution rather
than a difference in surface-average particle size causes the lower
activity for the Co/CNF catalyst.

Furthermore, a silica-supported catalyst with a narrow Co par-
ticle size distribution with a surface-average size of 4.6 ± 0.8 nm
was synthesized via NO calcination. This catalyst displays an
unprecedented high FT activity and outperforms the air-calcined
Co/SiO2 catalysts at 220 �C, 1 bar. The high activity at 1 bar is as-
cribed to narrowing of the size distribution close to the optimum.
Although a moderate reducibility was found for the small Co par-
ticles obtained via the NO calcination, the addition of Pt facilitated
the reduction significantly.
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