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a  b  s  t  r  a  c  t

In  order  to study  the  intrinsic  particle  size  effect  of  Co  catalysts  in  Fischer–Tropsch  (FT)  synthesis,  a series
of  Co/SiO2 model  catalysts  with  various  metal  coverages  (0.25–6.0  ML), corresponding  to  sizes in the  range
of 1.4–10.5  nm  were  prepared  in  an ultrahigh  vacuum  chamber  and  tested  at  513  K  under  atmospheric
pressure  in a batch  reactor.  The  Co  particle  size  distribution  and  the  number  of  active  sites  were  estimated
from the  TEM  images.  Kinetic  data  and  post-reaction  XPS  spectra  showed  that  for  the  small  Co  particles
eywords:
article size
T
o/SiO2 catalyst
odel catalyst
xidation

(1.4–2.5 nm),  the  Co  surface  was  readily  oxidized  by  water  vapor,  while  for  the  relatively  large  Co  particles
(3.5–10.5  nm),  such  oxidation  was  not  evident.  The  oxidation  for the  small  Co particles  leads  to  lower
TOF  and  higher  CH4 selectivity,  while  both  reactivity  and  selectivity  were  relatively  constant  for  the
relatively  large  Co  particles.  The  lack  of intrinsic  particle  size  effect  for  the metallic  Co  particles  in  the
range  of 3.5–10.5  nm  is consistent  with  structure  insensitivity  in FT synthesis.

© 2011 Elsevier B.V. All rights reserved.
. Introduction

In history, two general approaches have evolved to produce
ubstitutes for naturally occurring crude petroleum [1,2]. One
pproach is to directly convert organic materials by heating the feed
t high temperatures under high pressure of hydrogen. In the sec-
nd approach, the organic material is converted to syngas (a CO/H2
ixture) and then converted to hydrocarbons by Fischer–Tropsch

FT) synthesis. This approach is known as the indirect liquefaction
rocess. For both technological and political reasons, the direct liq-
efaction approach has received much more attention prior to the
nergy crisis of the 1970s. In the last several decades, the indi-
ect liquefaction approach has received more attention, primarily
ecause of the increase in environmental regulations as well as
dvances in FT technology [3,4].

Co and Fe are two commercially used metal catalysts for FT syn-
hesis. Co is preferred over Fe due to its greater activity, higher chain
rowth probability, and lower water–gas shift activity. However Co
s approximately 1000 times more expensive than Fe [5],  therefore
ptimal design of a Co FT catalyst is essential for its utilization. This
oal could be achieved by decreasing the Co particle size to increase
he exposed surface area per unit mass of the Co metal. However,
ome investigators have reported that Co particles smaller than

0 nm show a sharp drop in activity [6–9]. The pioneering study
f this particle size effect was conducted by Bartholomew’s group
6] who claimed that the specific activity and molecular weight of

∗ Corresponding author. Tel.: +1 979 845 0214; fax: +1 979 845 6822.
E-mail address: goodman@mail.chem.tamu.edu (D.W. Goodman).

920-5861/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.cattod.2011.06.021
hydrocarbon products decreased significantly with an increase of
Co dispersion, consistent with a particle size effect. The catalytic
performance of Co can vary with different supports, dispersions,
metal loadings and preparation methods, which are indications
of structure sensitivity. Interestingly, in a later work in collabora-
tion with our group [10], Bartholomew and co-workers pointed out
that FT synthesis under certain reaction condition can be structure-
insensitive. The activity and selectivity appeared to be more closely
related to the chemical nature of the support rather than to Co dis-
persion. Subsequently similar results have been reported by several
other research groups [11–14].  The consensus of these studies is
that there is no intrinsic particle size effect in FT synthesis. Recently
Barbier [7] and Bezemer and co-workers [8] observed that the activ-
ity and selectivity are sensitive to Co particle size with particles
smaller than 10 nm.  More recently Borg et al. [9] emphasized the
effect of particle size on selectivity, while no relationship was  found
between activity and Co size. Therefore, the particle size effect of Co
FT catalysts with size below 10 nm is still controversial and more
work is required to clarify this fundamental issue.

The metal particle size in the technical catalysts is governed
by numerous parameters such as preparation method, nature of
support, catalyst pretreatment and promoter effects. The interpre-
tation of the kinetic data is complicated by heat and mass transfer
within the porous supports [15,16].  These complexities make it
difficult to establish a correlation between activity/selectivity and
particle size. In order to circumvent these difficulties, model cat-

alysts have recently been prepared in our group under ultrahigh
vacuum (UHV) conditions and tested in an elevated-pressure cell
[17,18]. Kinetic investigations have shown that our Co/SiO2 catalyst
is an ideal model for the study of FT synthesis [19].

dx.doi.org/10.1016/j.cattod.2011.06.021
http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
mailto:goodman@mail.chem.tamu.edu
dx.doi.org/10.1016/j.cattod.2011.06.021
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Seven Co/SiO2 model catalysts with Co particle sizes in the range
f 1.4–10.5 nm were prepared to examine the possible intrinsic par-
icle size effect in FT synthesis. Transmission electron microscopy
TEM) was used to characterize the particle size distribution and
he number of active sites. The surface of the model catalysts, both
efore and after reaction, was analyzed by X-ray photoelectron
pectroscopy (XPS).

. Experimental

.1. Apparatus

The experiments were carried out in a custom apparatus
hat combines an elevated-pressure cell with an UHV cham-
er. Both regions were capable of achieving base pressures of
.0 × 10−10 Torr. The elevated-pressure cell (0.2 L) could be isolated
rom the UHV chamber with a gate valve and serve as a batch reac-
or for catalytic reactions. The UHV chamber was equipped with
PS, a differential ion gun and a quadrupole mass analyzer. The
ample could be transferred between the reactor and UHV cham-
er in vacuum. The model catalysts were prepared and analyzed

n the UHV chamber; the kinetic measurements were made in the
atch reactor.

.2. Model catalyst preparation

A tantalum foil (10 mm × 10 mm)  was mounted on a transfer-
ble probe and used as the substrate for the model catalysts. The
ample could be heated to 1500 K resistively or to 2400 K by elec-
ron beam bombardment. The sample temperature was monitored
ith a W–5% Re/W–26% Re (C-type) thermocouple spot-welded to

he backside of the foil. The sample was cleaned by Ar+-sputtering,
xidation (1200 K, 5.0 × 10−8 Torr O2) and electron beam bombard-
ent (2100 K, in vacuum). This procedure was repeated for several

ycles until no impurities were detected by XPS analysis.
The Co/SiO2 model catalysts were prepared by vapor-deposition

rom silicon and cobalt sources. The silicon source used for SiO2
eposition was a high-purity Si wafer (1 mm × 1 mm × 8 mm)
rapped with a W wire. The SiO2 was deposited by evaporating

i onto the Ta foil in a background of 1.0 × 10−5 Torr O2, followed
y an anneal at 700 K [20,21]. The thickness of the SiO2 sup-
ort (10 nm)  was determined by XPS using the published electron
scape depth for SiO2 [22]. Co was deposited onto the SiO2 sup-
ort from a Co doser which was made of a high-purity Co wire
99.99%) wrapped in a W filament. The Co dosing rate was calibrated
sing the break-point in a plot of the overlayer XPS intensity versus
eposition time [23]. In this work, the Co coverage is reported
ith respect to the atomic density of the Mo(1 0 0) single crys-

al surface (Mo(1 0 0) = 1.01 × 1015 atoms/cm2). One Co atom per
o(1 0 0) surface atom corresponded to 1.0 monolayer (ML) Co.

he deposited Co/SiO2 model catalysts were annealed at 700 K for
0 min  in vacuum before FT synthesis. Such prepared model cata-

ysts avoid the use of cobalt salts as the precursor and exhibit 100%
f reducibility, as confirmed by XPS spectra.

.3. Catalytic testing

The Co/SiO2 model catalysts were tested at 513 K under atmo-
pheric pressure for FT synthesis. The reactant gases (H2:CO:N2
n a volume ratio of 6:3:1) were premixed in an aluminum cylin-
er and passed through a liquid nitrogen cooled molecular sieve
rap prior to use. The sample was resistively heated to the reaction

emperature and held for 4.5 h to reach steady-state. The products
ere analyzed by a HP 5890 gas chromatograph equipped with

 HP-PLOT Al2O3 capillary column and a flame ionization detec-
or. Activity and selectivity values were defined in terms of carbon
day 181 (2012) 75– 81

balance from the detected hydrocarbons. Blank experiments were
performed with SiO2 on the Ta foil and no activity was  observed
under our reaction condition.

2.4. Catalyst characterization

Co particle size and the number of active sites were determined
by TEM on a JEOL 2010 microscope operating at 200 kV. The sample
for TEM study was prepared by depositing the Co/SiO2 model cata-
lyst directly onto a carbon-coated Mo  grid. The Mo  grid, coated with
a thin carbon film (∼20 nm), was  spot-welded to a Ta foil which was
then mounted on the transferable probe. After preparation of the
Co/SiO2 model catalyst, the sample was  passivated with 0.5 vol%
O2 and removed from the vacuum chamber for TEM characteriza-
tion. The Co metal particle size was  corrected for the contraction
of CoO to Co as described previously [24]. The average Co particle
size (diameter) was  determined using >200 particles from different
imaged areas.

The surface of the model catalysts before and after catalytic test-
ing was  investigated by XPS. XPS spectra were acquired using a Mg
K� X-ray source and a precision PHI hemispherical analyzer with a
pass energy of 58.70 eV. All binding energies are referenced to the Si
2p peak in SiO2 at 103.4 eV with an experimental error of ±0.05 eV.

3. Results and discussion

3.1. TEM study

In order to investigate the Co particle size effect in FT synthe-
sis, seven Co/SiO2 model catalysts were prepared with different
particle sizes by varying the Co coverage (0.25–6.0 ML). Shown in
Fig. 1 are the representative TEM images and the corresponding
metallic cobalt particle size distributions, corrected for oxidation,
of 1.0, 2.0, 4.0 ML  Co/SiO2 model catalysts. According to these
images it is evident that the Co particles are well dispersed on
the SiO2 support. The Co particle size distributions are narrow
with standard deviations within 20% of the average size. More-
over, the average Co particle size increased with the Co coverage.
The unique features for these model catalysts, including high dis-
persion, 100% reduction, and tunable particle size, make them
prime candidates for studies of particle size effects on catalytic
activity.

Recently our laboratory has characterized a series of model
metal catalysts, with metal nanoparticles supported on a planar
oxide support, and demonstrated that microscopy techniques can
be used to estimate the number of surface metal atoms [25,26].
This approach provides a method for calculating the number of
active sites from the particle size. In this work, we  estimate the
active sites based on the following assumptions: (i) one Co sur-
face atom corresponds to one active site; (ii) the Co particles form
a hemispherical cap on the SiO2 support [25]; and (iii) the sur-
face atom density for Co particles is 1.46 × 1015 atoms/cm2 [27].
The results of this calculation are summarized in Fig. 2a. Also
presented in Fig. 2b are the average particle size and the stan-
dard deviation for the Co/SiO2 model catalysts with various Co
coverages.

Spent catalysts were studied by TEM to observe the Co disper-
sion after reaction. A typical TEM image is shown in Fig. 3a and
the corresponding metallic cobalt particle size distribution for the

2.0 ML  Co/SiO2 spent catalyst is displayed in Fig. 3b. By comparing
Fig. 3 with Fig. 1b, the TEM image for 2.0 ML  Co/SiO2 catalyst before
reaction, it is apparent that no significant sintering occurs during FT
synthesis. Similar results have also been reported previously [8,28].
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ig. 1. Representative TEM images and the corresponding particle size distribution
.0  ML; (c) 4.0 ML. The metallic Co particle size in the histogram has been corrected

.2. Catalytic performance

Activity and selectivity were measured with CO conversion
ower than 0.1%. The reaction rates, expressed as CO molecules
onverted per second, were much lower for the small Co particles
0.25, 0.5, 1.0 ML)  than those for the relatively large Co particles
1.5, 2.0, 4.0. 6.0 ML). Shown in Fig. 4 are the reaction rates for 1.0
nd 2.0 ML  Co/SiO2 model catalysts as a function of reaction time.

eactivation is apparent for the 2.0 ML  Co/SiO2 catalyst whereas no
ctivity change with reaction time is detected for the 1.0 ML  sample.
eactivation for the FT catalysts during the initial reaction period
as been reported in the literature and attributed to sintering, oxi-
grams for the Co/SiO2 model catalyst with different metal coverage: (a) 1.0 ML;  (b)
idation.

dation, and/or carbonaceous deposition [29]. The TEM results for
spent catalysts in Fig. 3 rule out sintering as the cause of deac-
tivation. XPS data in the following section will demonstrate that
oxidation does not occur during FT synthesis for the relatively large
Co particles. On the other hand, C 1s XPS spectra (data not shown)
show a distinct feature at 284.6 eV after reaction, indicative of car-
bonaceous deposition. The deposited carbon species arise mainly
from the hydrocarbon products adsorbed on the metal surface. For

the relatively large Co particles, the reaction rates are much higher,
therefore more hydrocarbon products will deposit on the metal
catalyst surface, and thus lead to deactivation. Similar results relat-
ing carbonaceous deposition with deactivation has been reported
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ig. 2. Number of the active Co sites (a) and the average particle size (b) as a function
f  metal coverage estimated from TEM data.

reviously [19]. In the following sections, activity and selectivity
ill be reported only for the steady state condition, i.e., after 3 h of

eaction.
Turnover frequencies (TOF, number of CO molecules converted

er active site per second) were calculated using the number of
ctive sites estimated by TEM (Fig. 2a). As plotted in Fig. 5, an
pparent particle size effect is observed. For catalysts with small Co
article sizes (1.4, 1.9 2.5 nm), the TOF is ∼6.0 × 10−3 s−1. A much
igher TOF, ∼5.0 × 10−2 s−1, is obtained for the samples with rela-
ively large Co particle size (3.5, 4.7, 7.2, 10.5 nm). The TOF values
or both small and large particle sizes are constant. The TOF’s for the
elatively large particles are in agreement with the corresponding
echnical catalysts [30,31]. The methane selectivity also displayed
wo distinct regions (Fig. 6). CH4 selectivity for the small Co parti-
les (∼90 mol%) is much higher than that for the relatively large Co
articles (∼72 mol%).

The apparent particle size effect in this study is at variance with
hat claimed by other investigators. Barbier et al. [7] observed that
he TOF gradually increased with the Co particle size in the range
f 4.4–9.2 nm;  however, their TOF values were much lower than
reviously reported. Bezemer and co-workers [8] reported that the
OF and CH4 selectivity were constant for catalysts with Co par-
icle size larger than 6.0 nm,  while both the selectivity and the
ctivity changed continuously for catalysts with smaller particles.

hen the Co particle size was reduced from 6.0 to 2.6 nm,  the TOF

ecreased from 1.2 × 10−2 to 1.3 × 10−3 s−1 and the CH4 selectiv-
ty increased from 40 to 53 wt%. In the following work [32], the
roup carried out steady-state isotopic transient kinetic measure-
Fig. 3. Typical TEM image (a) and the corresponding particle size distribution his-
togram (b) of 2.0 ML  Co/SiO2 spent catalyst.

ments and concluded that the lower TOF for Co particles <6 nm
was caused by both blocking of edge/corner sites as well as a lower
intrinsic activity at the small terraces. The higher CH4 selectivity
for the small Co particles was  attributed to their higher hydrogen
coverages.

3.3. XPS characterization

To reveal the origin of the apparent particle size effect in the cur-
rent work, the Co/SiO2 model catalysts were analyzed by XPS both
before and after reaction. Fig. 7 compares the XPS spectra of the
fresh catalyst with that of the spent catalyst for 1.0 ML and 2.0 ML

Co/SiO2 sample, respectively. For the small Co particles (Fig. 7a),
characteristic metallic Co 2p peaks were observed at 778.2 and
793.2 eV before reaction. After reaction, these two peaks decayed
dramatically and another four features developed. The two  features
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ratio).
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Fig. 5. TOF values as a function of Co particle size for the Co/SiO2 model catalysts
(513 K, 760 Torr, H2:CO:N2 = 6:3:1 (volume ratio)).
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(513 K, 760 Torr, H2:CO:N2 = 6:3:1 (volume ratio)).
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Co/SiO2 model catalyst.

at 782.3 and 797.9 eV correspond to 2p peaks for Co2+ species, while
the other two features at 804.0 and 787.6 eV are the shake-up satel-
lite peaks for the Co2+ species [33]. The distinct difference between
the fresh and spent catalyst clearly showed that significant oxida-
tion occurred during FT synthesis on the small Co particles. As a
matter of fact, the oxidation of the small Co particles took place
readily, even after 10 min  under reaction conditions. On the other
hand, no evident change with respect to the chemical state of Co
was detected for the relatively large Co particles (Fig. 7b).

Several researchers claimed enhanced activity over the surface
cobalt oxide compared to the metallic cobalt [34,35]. In order to
clarify this issue, an oxidized Co/SiO2 model catalyst was  prepared
by annealing a 2.0 ML  Co/SiO2 at 700 K in 5.0 × 10−8 Torr O2 for
20 min. As shown in Fig. 8a, the XPS spectrum for the oxidized
2.0 ML  Co/SiO2 sample was  similar as that for the spent 1.0 ML
Co/SiO2 catalyst. Fig. 8b depicts the reaction rates versus reaction
time for 1.0 ML  and 2.0 ML  Co/SiO2 catalyst as well as the oxidized
2.0 ML  Co/SiO2 sample. It is clear that the oxidized cobalt surface
exhibited a much lower activity than the metallic cobalt. The activ-
ity for the oxidized 2.0 ML/SiO2 catalyst was in the same order of
the 1.0 ML  Co/SiO2 catalyst, which further confirmed that the low
TOF for the small Co particles was  caused by the oxidation of cobalt
during reaction.
In Co-catalyzed FT synthesis, the lower water gas shift activ-
ity leads to high water accumulation. The partial pressure of water
during reaction depends on the feedstock, conversion, and reac-
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.0  ML Co/SiO2 catalyst; (b) the reaction rates versus reaction time for 1.0 ML and

.0 ML Co/SiO2 catalyst as well as the oxidized 2.0 ML  Co/SiO2 sample.

or system. Although bulk oxidation of metallic cobalt by water
uring FT synthesis is not thermodynamically favored, the surface
xidation of cobalt particles has been documented by both ther-
odynamic analysis and experimental results [36–38].  Lahtinen

nd co-workers proposed that the Co particles may  be oxidized by
xygen produced by CO dissociation [39]. In order to exclude this
ossibility, a 1.0 ML  Co/SiO2 model catalyst was exposed to 228 Torr
O at 513 K for 4.5 h. Fig. 9 demonstrates that the small Co particles
re not oxidized under the same CO partial pressure as in the kinetic
esting. The reduced Co intensity may  be due to carbon deposition
nto the cobalt surface by CO disproportionation reaction. There-
ore we conclude that the small Co particles were oxidized by the
ater under our reaction condition.

.4. General discussion

The combination of kinetic data and XPS characterization in the
resent work demonstrates very clearly that (i) for the relatively

arge Co particles (3.5–10.5 nm), no evident oxidation of cobalt was
bserved. The TOF and CH4 selectivity were relatively constant,
hich indicated no intrinsic particle size effect for FT synthesis; (ii)

he small Co particles (1.4–2.5 nm)  could be easily oxidized during

T synthesis, which leads to a lower TOF and higher CH4 selectiv-
ty; (iii) the oxidation of the small Co particles was caused by the

ater vapor formed during reaction, not by oxygen produced by
O dissociation.
Fig. 9. Co 2p XPS spectra for 1.0 ML  Co/SiO2 model catalyst before (a) and after (b)
being exposed to 228 Torr CO at 513 K for 4.5 h.

The literature concerning the intrinsic Co particle size effect in FT
synthesis with the size smaller than 10 nm was scattered. The diver-
gence may  be caused by the difficulty in preparing well dispersed
Co nanoparticles with high reducibility as well as the complexity
of FT synthesis on technical catalysts. The obtained kinetic data
from technical catalyst are flawed due to issues such as artifacts,
metal–support interaction, incomplete reduction of the metal, and
heat and mass transport [40]. For these reasons, model catalysts
are particularly advantageous because they simplify the prepara-
tion process and offer a better control towards chemical nature of
the support and dispersion of the metal particles. The coupling of
an elevated pressure cell for the kinetic testing with a UHV chamber
for the surface science study allows a clear picture of the intrinsic
particle size effect to be developed.

In a previous collaboration work between Bartholomew’s and
our group, we  have investigated the role of surface structure and
dispersion in FT synthesis by comparing the steady-state activ-
ity and selectivity of submonolayer Co deposited on W(1  1 0) and
W(1 0 0) with those of carbonyl-derived Co/Al2O3 catalysts of vary-
ing dispersion and extent of reduction [10]. The two Co/W surfaces
have different geometries but exhibit similar activity. The activ-
ity matches that of the highly active, highly reduced Co/Al2O3
catalysts. All of these data suggested that FT synthesis is structure-
insensitive. The structure-insensitive nature of FT synthesis on
Co was also confirmed by the surface study on Co single crys-
tals with different exposed crystal planes [41,42]. TOF on zigzag
grooved Co(1 1 2̄ 0) surface and closed-packed Co(0 0 0 1) surface
differ within a factor of two while the apparent activation energies
for methane and ethane formation are approximately equal to each
other on both single crystal surfaces. The SiO2 supported Co model
catalyst in the present work is closer to “reality” and makes the
study of the particle size effect possible. No intrinsic particle size
effect for the metallic Co particles corroborates that FT synthesis is
not sensitive to the dispersion or surface structure.

4. Conclusion

Seven Co/SiO2 model catalysts with various metal cover-
ages (0.25–6.0 ML), corresponding to different Co particle size
(1.4–10.5 nm), were prepared and tested to investigate the intrinsic

particle size effect in FT synthesis. TEM images were employed to
estimate the particle size distribution and the number of active sites
for each model catalyst. Kinetic data and XPS spectra demonstrated
that no intrinsic particle size effect was observed for the metallic
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o particles in the range of 3.5–10.5 nm.  For the smaller Co parti-
les (1.4–2.5 nm), the metallic Co was easily oxidized by the water
apor, which lead to lower TOF and higher CH4 selectivity.

The results in the present work are in good agreement with our
revious surface study with submonolayer coverage Co deposited
n single crystal substrates; both of which demonstrate that
T synthesis is independent of dispersion and not intrinsically
tructure-sensitive. The clear picture developed by model cata-
yst research versus the scattered data from technical catalyst
tudies highlights the significant importance of exploring the
article size effect or structure sensitivity on the well-defined
urface.
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