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Abstract: Cobalt-based Fischer–Tropsch systems are widely used to convert synthesis gas to clean
hydrocarbon fuel. However, surprisingly little is known about the morphology of the catalysts on the
nanoscale. Here we show that scanning transmission electron tomography reveals their true 3-D morphology
and provides direct evidence that the support controls the final morphology of the catalyst. Such direct
local three-dimensional measurements provide unprecedented insight into catalysis, and can henceforth
transform our understanding of these complex materials.

Introduction

The rational design of heterogeneous catalyst systems,
typically comprising nanoparticles on a supporting substrate,
is paramount to efficient industrial-scale chemical processing.
To date, catalyst design has generally relied on the bulk averaged
measurement of properties. Future progress will depend increas-
ingly on a molecular scale understanding of systems.1,2 For
example, surface measurements of two-dimensional model
systems have been used to gauge a better understanding of the
properties of active nanoparticles and their interaction with their
support.3 While some fundamental insights can be made this
way, it is vital to bridge the “materials gap” between such model
systems and real catalyst systems used in industrial processes.4–6

One key industrial process, the Fischer–Tropsch (FT) process,
has a long history of commercial development and application
in conversion of coal, natural gas,7–9 and (developments toward)
biomass10 to useful, clean hydrocarbon fuel. The importance
of FT technology is emphasized by increasing crude oil prices,
the need to diversify energy sources with minimum environ-
mental impact and explore sustainable sources. FT catalysts

based on cobalt particles on a porous alumina support provide
high activity and selectivity to long-chain paraffins, low-water-
gas shift activity, and economic viability in converting a variety
of hydrocarbon sources to fuel and petrochemical products.7,9

To optimize the efficiency of these catalysts and the FT process,
a fundamental understanding of the catalysts’ size, shape, and
distribution, and their relation to catalytic activity/sectivity must
be obtained on the nanoscale.11–16 Standard methods for measuring
particle size and dispersion, such as chemisorption and X-ray
diffraction (XRD),17 generate average microscopic properties and
give little direct information about the shape and morphology of
catalyst nanoparticles particles or their support. In contrast, the
transmission electron microscope (TEM) is a powerful tool for the
direct study of the size, crystallography, composition, and distribu-
tion of catalyst particles.18,19 While a few conventional TEM studies
of cobalt-supported catalyst systems have been reported,20–22 as
cobalt oxide particles are known to aggregate in three-dimensions,
a simple two-dimensional TEM image is not sufficient to com-
pletely describe their structure.
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Experimental Methods

Advances in electron tomography23 in the scanning transmission
electron microscope (STEM) now enable reliable and quantifiable
three-dimensional reconstructions of inorganic materials to be
achieved with a spatial resolution approaching 1 nm in all three
spatial dimensions.24 We apply this technique here to two Re
promoted FT catalyst systems25,26 prepared in the following slightly
different ways. The first is a 20 wt % Co/0.5 wt % Re catalyst on
a high surface area γ-alumina substrate and the second is a 12 wt
% Co/0.5 wt % Re catalyst on a heat-treated substrate of γ-alumina
impregnated with 5% Ni. The phases present in the heat-treated
support were previously identified by X-ray diffraction as R-alumina
(Al2O3), and Ni-aluminate (NiAl2O4). Their catalytic performance
and bulk structural properties are summarized in Table 1. Note that
the increase in selectivity of the second system (∼5%) appears
moderate, but this difference will be of clear significance in a
commercial system.

The materials were studied in their unreduced condition so that
Co is present in the form of Co3O4. Co is the active form for the
catalyst and it would have been desirable to study the catalysts in
the reduced condition, on which selectivity measurements were
made. However, the cobalt nanoparticles in these materials oxidize
rapidly on exposure to air, providing an experimental limitation in
transferring the sample to the electron microscope without the Co
oxidizing. If the samples were in their reduced state, it is expected
that the overall morphology and distribution of the Co would remain
the same, while small-scale changes associated with the change in
structure and volume of the Co component might be expected.

It is known that pore geometry influences catalytic properties,27

coarser R-alumina supports give increased long-chain hydrocarbon
selectivity,28 and the formation of the aluminate stabilizes the
structure of the support. Therefore, two material changes have been
carried out between the first and the second catalytic system. First,
high temperature calcination transforms γ-alumina to R-alumina,
giving a significant increase in selectivity, but at the expense of
the material strength, and to some extent, the catalytic activity.
Second, by adding a nickel compound before the high-temperature
treatment, the now modified catalyst–support becomes extremely
strong and most of the lost activity is regained.29 This nanostructure
is associated with superior mechanical properties. However, a
nanoscale understanding of why this activity has been regained has
not existed until now. In the remainder of this paper we will show
how STEM tomography is used to gain this fundamental under-
standing. Because of the three-dimensional nature of the results,

the movies provided as web-enhanced objects are a key component
of this paper and should be viewed while studying the figures.

Results and Discussion

Tomography tilt series of 141 images were acquired over the
range -70° to +70° for both systems. Results from the Co3O4/
γ-alumina system are shown in Figure 1 and Movie 1. A typical
STEM high angle annular dark field (HAADF) image (Figure
1a) shows how the Co3O4 particles appear bright relative to the
alumina, but the contrast is complicated by thickness variations
and there is limited useful information due to the two-
dimensional nature of the image. An enormous increase in
information can be gained in three-dimensions, as illustrated in
the tomographic reconstruction (Figure 1b). This figure shows
the alumina support in red and the Co3O4 in yellow and Figure
1c shows only the cobalt oxide. It is immediately evident that
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Table 1. Important Physical Catalytic Properties for the Two
Samplesa

sample pore diameter (nm) total surface area (m2/g) porosity C5+ selectivity (%)

1 12.2 134.0 0.675 84.7
2 70.0 11.1 0.431 89.5

a Sample 1 is 20% Co/0.5% Re on γ-alumina and sample 2 is 12%
Co/0.5% Re on R-alumina. Measurements are made by standard tech-
niques.22,27

Figure 1. Cobalt oxide catalyst in γ-alumina: (a) a typical STEM HAADF
image; (b) a volume-rendered tomographic reconstruction showing the
alumina support in red and the cobalt oxide catalyst in yellow. It can be
seen that the substrate is highly porous, and the cobalt oxide forms
agglomerated clusters; (c) a surface render of the reconstruction showing
the morphology of the cobalt oxide. By comparison to panel b, it can be
seen that much of the alumina pore space is unfilled and the cobalt oxide
itself is porous. This is seen also in the brighter areas of the 1 nm slice of
the reconstruction in panel d. Panel e is a surface render of the cobalt oxide
at an angle perpendicular to that shown in panel c, and panel f shows a
detailed view of one of the cobalt oxide clusters. The cobalt oxide and
alumina support form an interlocking structure.

�w Movie in mpg format of the cobalt oxide/γ-alumina catalyst that
demonstrates the interlocking pore structure of the support and the catalyst.
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the alumina is very porous, and that in fact the catalyst
agglomerates are highly porous as well. A 1 nm thick slice
through the reconstruction (Figure 1d) actually illustrates that
the Co3O4 (brighter areas) fills the alumina pores, forming
interlocking oxide/support clusters. The classic model of
cylindrical pores with the catalytic component attached to the
walls evidently is not valid here. Figure 1e highlights the pore-
filling distribution of the Co3O4 agglomerates and Figure 1f
illustrates the porosity of single agglomerate in detail. Before
we discuss one of these agglomerates in more detail, we present
an overview of the second catalyst system.

Figure 2 and Movie 2 display the results from the Co3O4/Ni-
aluminate/R-alumina system. A typical STEM HAADF image
(Figure 2a) illustrates that the support is coarser than the first

sample, but again a more detailed understanding cannot be obtained
from this 2-D image. Figure 2b is a three-dimensional reconstruc-
tion with the support in red and the Co3O4 in yellow. The large
solid-red areas are R-alumina, whereas the smaller red clusters in
proximity to the cobalt oxide (yellow) represent the nickel
aluminate. Figure 2c shows strikingly that the Co3O4 encloses the
finer component of the support, that is, the Ni-aluminate. A 1 nm
thick slice through the reconstruction (Figure 2d) shows that the
metal oxide (brighter areas) appears to “wet” the support, forming
a shell-like structure around the support in this 2-D image, indicated
by an arrow. Figure 2 panels e and f are high resolution
reconstructions of this Co3O4 “nanocage” structure around the
support, with only one pore partially filled, indicated by an arrow.
A separate TEM examination of the substrate material confirmed
that the microstructure comprises a fine distribution of Ni-aluminate
within a coarse R-alumina skeleton. This is consistent with the
contrast seen in Figure 2d, in which the Ni-aluminate shows slightly
stronger contrast than the R-alumina because of its higher average
atomic number. Importantly, very little cobalt is associated with
R-alumina and a clear preference is shown by the catalyst to form
nanocages around the Ni-aluminate substructure.

To study both of these catalyst systems in more detail,
segmentation can be performed on a small region of choice of the
larger volume reconstruction. Segmentation of a reconstruction
allows for the surface area and volume to be measured, and a
porosity and pore size to be calculated from these values locally
for the cobalt oxide and substrate. Segmentation works best for
systems, such as these, in which the phases (here the metal oxide
and support) have a large difference in contrast in the images.
Figure 3a–c and Movie 3 show the results from the first sample (a
Co3O4 on γ-alumina cluster), and Figure 3d–f and Movie 4 show
results from the second (a Co3O4 on Ni-aluminate cluster). In Figure
3a, a (40 nm)3 volume of the Co3O4/γ-alumina system reveals in
detail the interlocking porous structure: the gray semitransparent
material is the γ-alumina, and the red is the Co3O4. The only open
pore of the γ-alumina in the volume can be seen to propagate from
the front right side to the front left side of the volume of data.
Figure 3b shows only the γ-alumina, and by comparison with
Figure 3a, it can be seen that all but one of the pores are filled
with cobalt oxide. Figure 3c shows one of the apparently highly
porous Co3O4 agglomerates. The porosity of the γ-alumina volume
is measured to be 73% ( 5%, and the Co3O4 is 77% ( 5%, which
is in reasonable agreement with the bulk nitrogen physisorption
value of 67% in Table 1. Within experimental error, the porosities
of the two are equal, indicating their intimate connectivity. For
this system, the average pore size in the analyzed volume is
estimated to be 14 nm, which is in good agreement with the value
of 12.2 nm from bulk measurements given in Table 1. The strength
of nanoscale tomographic analysis, however, lies in the ability to
interpret such measurements with a far greater knowledge of the
catalysts’ fine-scale three-dimensional architecture.

Figure 3d shows a (60 nm)3 volume of the Co3O4/Ni-
aluminate/R-alumina system highlighting the coating of a Ni-
aluminate cluster and the distribution of the cobalt oxide in the
support. Figure 3e confirms the Ni-aluminate is highly porous,
but despite this, as seen in Figure 3f, the cobalt oxide lies
predominantly on the surface. A porosity value cannot easily
be defined for this cage-like morphology. However, a specific
surface area (with respect to its mass plus that of the nickel
aluminate) of 64 ( 5 m2/g can be measured within this volume.
This local value is far higher than the bulk value of 11.1 m2/g
given in Table 1 because the R-alumina is excluded (the
R-alumina itself was too coarse relative to the size of the

Figure 2. Cobalt oxide catalyst in R-alumina/Ni-aluminate: (a) a typical
STEM HAADF image; (b) a volume-rendered tomographic reconstruction
showing the alumina support in red and the cobalt oxide catalyst in yellow.
The R-alumina is composed predominantly of large nonporous particles.
The smaller more porous particles towards the bottom are Ni-aluminate;
(c) a surface render of the reconstruction showing only the cobalt oxide.
The cobalt oxide does not penetrate the substrate, but wets the surface of
the support. For the smaller Ni-aluminate particles, the cobalt oxide forms
into cage-like structures; (d) a 1 nm slice through the reconstruction showing
that the cobalt oxide (brighter areas) wets the surface of the substrate, most
clearly seen at the bottom right (indicated by the arrow). Panels e and f are
surface renders of the single cluster arrowed in panel d; the morphology of
the cobalt oxide “cage” is clear. Examination of the reconstruction shows
that just one of the Ni-aluminate pores is partially filled by the oxide,
indicated by an arrow in both panels e and f.

�w Movie in mpg format of the cobalt oxide/R-alumina/Ni-aluminate catalyst.
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reconstructed volume to allow a measurement to be made). The
porosity of the Ni-aluminate in the volume was measured to be
57% ( 5%, and the bulk measurements for this catalyst yield
an overall porosity of 42%. The calculated pore size for the
Ni-aluminate is ∼20 nm. This cannot be compared to the bulk
measurements because the porosity of the Ni-aluminate is only
one small part of the larger system. The bulk measurements
are clearly insensitive to the structural complexity of the system.
In both systems, the porosity values measured using tomography
yield higher values than those measured by nitrogen physisorp-
tion. This is because the STEM tomography technique gives
quantitative nanoscale information at the site of the activity as
opposed to randomly in the bulk, which is much more accurate
locally since the clusters where activity occurs are not neces-
sarily representative of the bulk structure overall.

It is curious that the Co3O4 in the second system preferentially
precipitates on the nickel aluminate and not the R-alumina, and
that it forms nanocages on the surface rather than sitting inside
the pores (like the first system). We believe this happens for
two reasons: first the nickel-aluminate forms small imperfect
crystals that provide a high surface area for precipitation, and
second, its spinel structure contains vacant metal sites which
may accommodate cobalt atoms, while the R-alumina is very
regular in morphology with a chemically inert surface. Since
the aluminate forms small clusters, it will be more favorable
for the catalyst to cover the surface of the clusters to get the
most exposure to the vacant metal sites, rather than moving
into the less dense, porous interior. These 3-D reconstructions
are the first direct observation of this phenomenon on the
nanoscale. This unexpected Co3O4 distribution undoubtedly
provides a more open local environment for reactions to take
place, and we believe that the influence of this nanostructure
must be taken into account in understanding the higher C5+
selectivity relative to sample 1 (Table 1). In future experiments,
it will be important to study these systems with the Co
component in a reduced state to provide the complete nanoscale
picture of the structure and further understand the subtle
observed changes in reactivity. In the γ-alumina material,
nanoscale changes to the Co3O4 are likely to be relevant on the
scale of the pores and reactant molecules. In the coarser
R-alumina material, the behavior of the relatively large slabs
of oxide upon reduction will be important for judging the
reactive surface area and nature of catalytic sites.

Conclusions

High resolution STEM tomography of cobalt-based FT
catalysts reveals how the three-dimensional size, shape, distribu-
tion, and porosity of the catalyst and its support can be
determined with great clarity and accuracy and with a spatial
resolution approaching 1 nm. This powerful 3-D information
gives us direct insight into the nanoscale differences between
catalyst systems that are invisible to bulk property measure-
ments. We have shown here that the higher selectivity of one
catalyst system over the other correlates with the 3-D nanocage
morphology and its selection of the nickel-aluminate support
over R-alumina. The less selective catalyst has a morphology
of fully interlocking catalyst/support aggregates in the unreduced
condition that suggests a low exposed cobalt oxide surface area
within the pores. The ability to understand and optimize
parameters that influence specific properties, for instance
selectivity, is of tremendous potential for the future design of
heterogeneous catalysts such as FT systems that play a key role
in the management of energy supply for hydrocarbon production
with a positive environmental impact.
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Figure 3. Segmentation of the two systems: (a–c) the Co3O4/γ-alumina
system and (d-f) the Co3O4/Ni-aluminate/R-alumina system. The color
scheme was necessarily changed from the previous figures to show the detail
in the segmented regions more clearly: (a) the Co3O4 in red and the
γ-alumina in semitransparent grey; (b) only the alumina, rotated 180° with
respect to panel a. The darker grey areas indicate the porous regions in
which the cobalt oxide resides; (c) agglomerates of the cobalt oxide particles
are also very porous; (d) Co3O4 in red on a Ni-aluminate cluster in
semitransparent grey; (e) only the highly porous Ni-aluminate; and (f) despite
the porosity, the cobalt oxide chooses to stay primarily on the surface and
form “nanocages.”

�w Movie in mpg format of a small segmented area of the cobalt oxide/
γ-alumina catalyst showing more clearly the interlocking structure.

�w Movie in mpg format of a small segmented area of the cobalt oxide/
R-alumina/Ni-aluminate catalyst.
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