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Résumé — Microstructure de catalyseurs Fischer-Tropsch a base de cobalt supporté — La
structure de particules métalliques de cobalt supporté sur silice ou sur alumine, et en présence ou non
d’un promoteur (Ru), a été étudiée in situ par diffraction des rayons X conventionnelle et anomale.
Par comparaison avec des diagrammes simulés, il est montré que cette structure est caractérisée par la
présence de défauts d’empilement dont la densité est directement reliée a la température de réduction
du cobalt. Des traitements de carburation/décarburation sous CO et H, nous ont permis de modifier
de maniere contrdlée la microstructure du cobalt métallique pour un méme support tout en limitant la
variation de la taille des particules. Quel que soit le support, et en présence ou non d’un promoteur,
les basses températures de réduction favorisent la formation de la forme hexagonale compacte du
cobalt, alors qu’une réduction a haute température favorisera la forme cubique faces centrées.

Dans les conditions de la synthese Fischer-Tropsch, les catalyseurs contenant du cobalt a forte densité
d’empilements de type hexagonal compact montrent une activité en conversion du CO nettement
supérieure a celle des catalyseurs majoritairement cubiques.

Abstract — Microstructure of Supported Cobalt Fischer-Tropsch Catalysts — The structures of
metallic cobalt particles supported on silica (with and without Ru promoter) and on
alumina have been investigated in-situ by conventional and anomalous X-ray diffraction.
Comparison with simulated XRD patterns shows the structure to consist of a defect phase
characterised by the presence of stacking faults, the density of which is directly related to the
temperature at which the cobalt oxide is reduced. Controlled modification of the cobalt
microstructure, while maintaining the same support and promoter has been achieved with limited
variation of the particle size, notably via CO — H, treatment leading to the formation and
decomposition of cobalt carbide. Independently of the support or the presence of a promoter, low
reduction temperatures increase the tendency to form hexagonal close packed (hcp) structure whilst
at high reduction temperatures face centred cubic (fcc) stacking is preferentially formed.

The catalytic activity for CO conversion in Fischer-Tropsch conditions is greatly increased for
catalysts with a majority of hcp stacking compared to those containing predominantly fcc phase
particles.
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INTRODUCTION

Among the industrial challenges for the near future, the
production of hydrocarbons from synthesis gas (H,, CO) in the
Fischer-Tropsch process is one of the most important
[1,2] as synthesis gas can be produced from a large variety of
sources (natural gas, biomass, coal, etc.) and the process can be
oriented towards a variety of products (fuels, paraffins, alco-
hols, etc.). The catalytic activity and selectivity of the fre-
quently used Co based catalysts in CO hydrogenation have
been shown to depend on several factors such as particle size,
nature of the support [3-5], the presence of promoters [6-8] and
pre-treatment conditions [9]. Modification of preparation para-
meters is known to strongly affect the microstructure of cobalt
supported catalysts [10]. The microstructure of the metallic
phase has been the subject of several studies by X-ray diffrac-
tion (XRD) as cobalt can exist in both hexagonal close packed
(hep) and face centred cubic (fcc) forms. However, perhaps
because of the number of parameters that can be varied, it is
difficult to extract from the literature a clear image of the spe-
cific effect of cobalt particle microstructure on Fischer-
Tropsch activity.

In-situ XRD studies of silica supported cobalt catalysts
have given evidence that the fcc form is prevalent after
reduction under hydrogen whilst the hcp form results from
direct syngas (CO + H,) activation [11]. Studies on used
catalysts after high pressure Fischer-Tropsch synthesis have
found that fcc cobalt forms on silica supports whereas the
hep structure is detected on alumina supports [12]. Zirconia
support was found to promote poorly crystalline hexagonal
metallic cobalt [13]. In the latter study, it was proposed that
amorphous cobalt or hcp cobalt with crystallographic
defects are active phases in the Fischer-Tropsch reaction,
while fcc crystallised cobalt has lower catalytic activity.

In nanometre scale particles both fcc and hcp forms may
coexist [14, 15], possibly leading to an influence of the
resulting stacking faults on the catalytic activity. For exam-
ple, as underlined by S. Kala et al. [16], the presence of many
stacking faults in nanoparticles results in large amounts of
hydrogen incorporation.

In this paper, we investigate the microstructure of cobalt
catalysts supported on silica (with and without Ru promoter)
and on alumina via in-situ X-ray diffraction (XRD) experi-
ments, including synchrotron based anomalous XRD. In order
to eliminate as much as possible variables such as type of sup-
port or presence of a promoter, we have concentrated our
study on post-synthesis modification of the microstructure of
the metallic cobalt particles. The main aim of the present
study is thus to elucidate the role in Fischer-Tropsch activity
of the fcc and hep phases, and of the presence of stacking
faults. Careful extraction of the XRD signal due to the metal-
lic phase and confirmation, through diffraction pattern simula-
tion, of the presence of stacking faults in the nanometre scale
particles were a pre-requisite to achieve this goal.

1 EXPERIMENTAL

1.1 Catalyst Preparation

Bulk Co;0, purchased from Ultrex was used as a control
sample for in-situ XRD. Catalyst samples were prepared via
impregnation using a cobalt nitrate solution on amorphous
silica, poorly crystallised gamma alumina and highly crys-
tallised titanium oxide (Degussa P25). The Co content was
measured by X-ray fluorescence and the surface area by BET
(see Table 1).

TABLE 1

Characteristics of the catalysts studied

Co content Surface area
Support
(Wt.% = 0.03) (m?%g)
None (Commercial oxide) 734 10
SiO, 13.0 460
Al 04 133 180
TiO, 113 20

Prior to analysis, all the catalysts were dried at 120°C and
calcined under air at 400°C for 4 h.

An additional ruthenium promoted catalyst, which we
shall call Co-Ru/SiO,, was prepared from a calcined Co/SiO,
sample by impregnation with (Ru(NH;),)Cl; followed by
drying at 110°C and calcination for 4 h at 300°C. The Ru
content was determined as 0.45 wt.%.

The catalysts were characterised by temperature
programmed reduction (TPR), carried out with a 5% H,/Ar
mixture at a gas flow rate of 30 mL/min and a temperature
ramp of 2°C/min.

1.2 X-Ray Diffraction

1.2.1 Conventional X-Ray Diffraction

Powder diffraction patterns were obtained using a Siemens
D501 6/20 diffractometer with a copper anode and a scintil-
lation detector. Contributions other than Cu Ko, as well as
secondary fluorescence from the cobalt, were eliminated
using a graphite monochromator placed in the path of the dif-
fracted beam.

1.2.2 Anomalous X-Ray Diffraction

Anomalous X-ray diffraction using synchrotron radiation
allows a diffraction signal to be obtained which corresponds
only to the chemical phases containing a specific type of
atom. Two diffraction diagrams are collected at two energies
far from and close to the absorption edge in order to vary the
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imaginary part of the scattering factor for the specific type of
atom. Anomalous X-ray diffraction measurements were car-
ried out at the H10 beamline at the 1.85 GeV DCI storage
ring of the LURE facility at Orsay (France). This beamline
[17] was devoted to the investigation of poorly crystallized
materials by combining X-ray absorption spectroscopy
(XAS) and X-ray diffraction (XRD) in the 4-20 keV energy
range. The photon source was a bending magnet on the DCI
storage ring. The intensity of the positron beam was about
300 mA during data collection.

1.2.3 In-situ Analysis of Structure and Catalytic Activity

The samples were treated in an Anton Paar XRK reaction
chamber. The powdered sample (0.2 g) was placed on a
ceramic porous holder and pressed lightly. The inlet reactant
flow passed through the sample. For all in-situ XRD studies
of reduction and carbide formation, gas pressure was 1 bar
and flow rate was 1 L/h. In order to follow the structural
modifications during reduction, samples were analysed in a
stream of pure hydrogen with a temperature ramp of 5°C/min
and isothermal periods of 2.5 h during data acquisition. We
have previously reported cobalt carbide formation under
Fischer-Tropsch reaction conditions [18] during in-situ
treatments of several hundreds of hours. In the present study,
in order to accelerate carbide formation, the reduced catalysts
were treated in the XRK reaction chamber under pure CO at
230°C for 15 h. After carbide formation was confirmed (see
below), the metallic cobalt phase was regenerated under pure
hydrogen at 230°C.

The gas handling system of the reaction chamber has been
modified so as to be able to carry out analysis under realistic
Fischer-Tropsch conditions. The reaction conditions
have been chosen in order to avoid heavy wax formation:

T = 230°C, P = 3 bar, H//CO = 9, W/F = 8.4 x 102 g-h-L"".
Products were analysed at the exit by on-line gas chromatog-
raphy and the heaviest products were condensed after the cell
for off-line analysis. The activity was followed via CO
consumption.

1.3 Modelling Wide Angle X-Ray Scattering

Simulation of XRD diagrams allows the influence of
stacking faults on the diffracted intensity to be studied. Two
approaches to XRD simulation are considered here, an atom-
istic model of particles in which stacking faults are explicitly
included, and statistical modelling which allows some quan-
titative information to be obtained on the stacking fault prob-
ability. In both cases, any contribution from the support is not
included in the simulation.

1.3.1 Atomistic Simulation of Cobalt Clusters

A simple way to calculate the diffraction diagram of the
metallic part of a catalyst composed of a collection of
nanometer scale metallic clusters with known geometry but
random orientation and position is to use the Debye scatter-
ing Equation 1. This type of simulation has recently been
applied successfully to the determination of stacking fault
densities in gold nanoclusters [19].

I(q) = Z, 2 f(@)f (@)sin(gR,)/qR . )]

In this equation, I(g) is the angle dependent intensity from
coherent scattering, g bisects the angle between the incident
and scattered directions, which in turn define the scattering
plane. The sums over i and j are over all the atoms, R;; being
the distance between the atom i and j and f; and f; being the
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Figure 1

Representation of a cubooctahedral cluster containing
561 atoms and an fcc stacking of atomic layers.
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Figure 2

Calculated scattering intensities of clusters with different
stacking sequences.
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angle dependent atomic scattering factors, taken from
reference [20].

To illustrate the stacking sequence, Figure 1 represents a
small (3 nm) cubooctahedral fcc cluster, containing 561 atoms.

In the simulations shown in Figure 2 and the following
sections, diffraction intensities were calculated for much larger
(7 nm diameter) clusters, containing 36 atomic layers
(17900 atoms). Starting from an fcc cluster, stacking faults
were progressively introduced in the particle simulation and
the atomic coordinates recalculated. At the end of this struc-
tural modification, a hcp cluster is obtained. In the calculated
diffraction diagrams of the end-members of this series the
Bragg diffraction peaks of an fcc or a hep structure are clearly
visible. We have also calculated the diffraction diagram for a
fee-hep cluster which is fce in the upper part (positive num-
bered layers) and hcp in the lower part (negative numbered
layers). The diffraction diagram of this case presenting two vir-
tually independent fcc and hep structures also displays the two
sets of diffraction peaks, as would also be expected for a mix-
ture of particles, each presenting one or other of the structures.

1.3.2 Statistical Simulation

The DIFFAX software [21] allows calculation of the diffracted
intensity from an infinite crystal containing stacking faults.
Independent probabilities are defined for transitions from an
fce structure to a hep structure and for the reverse transition.
An example is given in Figure 3 for an fcc structure with
increasing probabilities of fcc to hep transition. One obvious
effect is to decrease the diffracted intensity at the fcc peak
positions and increase the hcp contribution. The introduction
of stacking faults clearly also leads to a diffracted intensity
distribution different from that of a superposition of fcc and
hep structures. Of particular note here is the appearance of
diffracted intensity at positions intermediate between those of
the pure fcc or hep structures. In addition, peak broadening is
predicted, due to the introduction of a finite thickness of the
coherent domains. This latter effect renders the calculation of
the “real” particle size difficult in the presence of stacking
faults.

2 EXPERIMENTAL RESULTS

2.1 Temperature Programmed Reduction
of Supported Catalysts

TRP profiles are shown in Figure 4 for Co/Si0O,, Co-Ru/SiO,
and Co/Al,Oj; catalysts.

For Co/Ti0,, a reduction profile intermediate between the
silica and alumina samples was observed. The TPR profile of
this solid is not shown as its reduction was not studied in
detail, but its final reduced state is investigated below, using
anomalous X-ray diffraction.
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Figure 3
Calculated scattering intensities of clusters with different
stacking fault probabilities Arrows are a guide to the eye,
showing the increase or decrease of intensity due to an
increasing probability of fcc to hep transition.
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TPR analysis of the oxide catalysts.

Two major reduction peaks are observed for all samples.
Although there is some uncertainty in the literature as to the
attribution of these peaks, they are usually taken to be due to
the reduction of Co;0, to CoO (lower temperature peak) then
to Co metal (higher temperature peak). High temperature
reduction features are also observed (in the range 600 to
800°C) which may be due to the formation of highly dis-
persed cobalt silicate or aluminate (see for example
Ref. [22]) but it is not our intention in this work to discuss
these phenomena in detail.

The key result for the purposes of further study of the
cobalt structure is that Co-Ru/SiO, reduces at a lower
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temperature than Co/SiO, whereas Co/Al,O; is reduced at a
higher temperature. The first reduction maximum is observed
at 200°C for Co-Ru/SiO,, 290°C for Co/SiO,, 325°C for
Co/TiO, and 380°C for Co/Al,O5.

2.2 Reduction of Bulk Co;0, Followed by XRD

Treatment of Co;0, catalysts under hydrogen leads to
reduction to CoO and then to consecutive reduction of the
CoO to metallic cobalt, the reduction temperature depending
somewhat on particle size [23]. For the bulk Co;0, reference
oxide, these events can be seen in Figure 5 starting respec-
tively at approximately 250°C and 350°C. The reduction
results in the formation of two Co metal phases: a low temper-
ature hexagonal close packed form (Co hcp) which is stable
up to 450°C and a high temperature face centred cubic form
(Co fec) which begins to form after reduction above 500°C.

Due to the large crystallite size of the bulk oxide, resulting
in sharp diffraction peaks, the contributions of each phase
can be clearly differentiated in Figure 5. For the small parti-
cle sizes found in catalysts, this will not be the case, in partic-
ular for the peaks at 44.2° 20 (Co fcc) and 44.3° 26 (Co hep).
Note however that the peaks at 41.4° 26 and 51.7° 20 attrib-
uted respectively to the Co hep and the Co fcc structures are
well separated from other contributions.

2.3 Reduction of Supported Catalysts Followed
by XRD

In-situ X-ray diffraction analysis of the Co/SiO, catalyst
(Fig. 6) clearly show the disappearance of the CoO phase
under H, when the reduction temperature increases from
300°C to 400°C. When fully reduced, the formation of a
complex Co metal phase, with a broad region of diffracted
intensity between 20 angles of 42° to 54°, close to the posi-
tions of both fcc and hcp peaks, is observed starting at a
reduction temperature of 300°C. In particular, a broad peak at
51° to 52° 20 attributed to the Co fce structure is visible even
at low reduction temperatures relative to the bulk hcp to fcc
transition. Although the silica support is amorphous, care
must however be taken in interpreting the diffracted intensity,
as the catalyst preparation itself may lead to the formation of
mixed oxide phases that are not reduced under the conditions
used here. This point will be considered in detail below.
XRD diagrams for the reduction of Co-Ru/SiO, under
hydrogen are shown in Figure 7. The form of the diagram
observed for the reduction of Co-Ru/SiO, (for which a low
reduction temperature was observed by TPR) differs some-
what from that observed for the Co/SiO, catalyst (see Fig. §),
with a stronger intensity in the regions around the diffraction
positions of the Co hcp structure (for instance at 41.4° 20).
Again, precaution must be exercised in interpreting this
diffracted intensity. The diagram nevertheless also points to a
complex Co metal phase involving both hcp and fcc stacking.
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Figure 5

Reduction of bulk Co;0, under hydrogen. Symbols represent
expected diffraction peak positions (circles = Co;0,;
squares = CoO; plus signs = hcp cobalt; asterisks = fcc cobalt).
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Reduction of Co/SiO, under hydrogen. Symbols represent
expected diffraction peak positions (squares = CoO; plus
signs = hcp cobalt; asterisks = fcc cobalt).

For the Co/Al,O4 catalyst (for which a high reduction
temperature was observed by TPR), a significant contribution
from CoO crystallites was still observed even after treatment
with hydrogen at 500°C for several hours (Fig. 9). This is
coherent with the TPR profile, showing only partial reduction
of the cobalt at this temperature. Due to the CoO contribu-
tion, and to that of the alumina support, it is not possible to
clearly identify the form of the diffraction pattern due to the
cobalt particles. Extraction of the characteristic cobalt metal-
lic component of the diffraction pattern is the subject of the
following section.
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Figure 7

Reduction of Co-Ru/SiO, under hydrogen. Symbols represent
expected diffraction peak positions (squares = CoO; plus
signs = hcp cobalt; asterisks = fcc cobalt).
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Figure 8

Comparison of reduced a) Co/SiO, and b) Co-Ru/SiO,.
Symbols represent expected diffraction peak positions (plus
signs = hcp cobalt; asterisks = fcc cobalt).
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Figure 9

Reduction of Co/Al,O; under hydrogen. Symbols represent
expected diffraction peak positions (circles = Co30,;
squares = CoQO; asterisks = fcc cobalt; hash symbol
(#) = Al,O5 support).

2.4 Extraction of the “Cobalt XRD” Contribution
in Reduced Supported Catalysts

2.4.1 Subtraction of the Support Diagram

A simple means to isolate the contribution to the diffraction
pattern from catalyst particles is to subtract the XRD diagram
due to the support alone. Some care is however required in

normalisation, due to the difference in sample absorption,
and artefacts may be introduced if the support is modified
during the catalyst preparation. The effectiveness of this pro-
cedure is illustrated in Figure 10 by the case of the calcined
Co/Al,Oj catalyst. By subtracting, after appropriate normali-
sation, the diagram of Al,Oj, the support contribution is
removed leaving only diffraction peaks assigned to the
Co;0, structure.

The resulting diagrams obtained during reduction of the
Co/ALO; catalyst (Fig. 11) clearly show the persistence of
the intermediate oxide CoO up to treatment temperature of
500°C, followed by a complete reduction to metallic cobalt at
550°C. For this catalyst, which shows a high reduction tem-
perature in TPR characterisation, the hcp component is of
low intensity, the structure being close to pure fcc.

The in-situ XRD experiments, performed under isother-
mal conditions at a given temperature, suggested that most of
the cobalt is reduced at 550°C, even though the dynamic
TPR analysis clearly showed a high temperature reduction
peak above 600°C.

2.4.2 Anomalous Diffraction

Anomalous X-ray diffraction was used to confirm that the
support is not modified during catalyst preparation, for exam-
ple by the formation of an amorphous mixed oxide phase.
Diagrams were recorded after in-sifu reduction at energies of
10 eV and 100 eV below the Co K edge. As the data collec-
tion energies are different, the diagrams are represented as a
function of 1/d (A™!). After normalisation, the difference
between these two diagrams gives a signal coming only from
chemical phases containing cobalt atoms (Fig. /2). The form
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Diffraction patterns of Co/Al,O5, Al,O5 and the difference
pattern (offset for clarity).
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Diffraction patterns of the reduced Co/SiO, catalyst recorded
10 eV (blue curve) and 100 eV (red curve) below the Co K
edge, and the difference pattern (black curve, rescaled for
clarity). Symbols represent expected diffraction peak posi-
tions (plus signs = hcp cobalt; asterisks = fcc cobalt).
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Reduction of Co/Al,O; under hydrogen with Al,O; support
contribution subtracted. Symbols represent expected diffrac-
tion peak positions (squares = CoO; plus signs = hcp cobalt;
asterisks = fcc cobalt).
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Diffraction pattern of the reduced Co/TiO, catalyst. Co peaks
are obscured by the support diffraction pattern.

of the diffracted intensities in these difference anomalous
XRD patterns are similar to those observed in the laboratory
XRD analysis (we illustrate here the case of Co/SiO,). In par-
ticular, the broad feature in the range 045 to 0.6 A (corre-
sponding to Cu Ko diffraction angles of 42° to 54° 20) is
observed, with a form for the diffracted intensity close to that
reported above. No cobalt containing phases other than
metallic cobalt are detected in the difference diagram.

Although the case of Co/TiO, is not discussed here in
detail, the analysis of this catalyst (the conventional XRD
pattern is shown in Fig. I3 and the anomalous XRD pattern
in Fig. 14) shows that the use of anomalous diffraction
allows extraction even of weak signals concealed by strong
support diffraction peaks.

Despite increased noise in this pattern (resulting from the
strong diffraction intensity and X-ray absorption of the



56 Oil & Gas Science and Technology — Rev. IFP, Vol. 64 (2009), No. 1

2500

2250

)

~

2000

ity (a.u

-
~
o1
S

- -
n a1
a o
o o

Anomalous diffracted intens|
-
o
o
o

750 I I I I I I I
38 40 42 44 46 48 50 52 54

26 (Cu Ka)

Figure 14

Anomalous diffraction pattern of the reduced Co/TiO, cata-
lyst. Symbols represent expected diffraction peak positions
(plus signs = hcp cobalt; asterisks = fcc cobalt).
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Calculated scattering intensity of a cluster with stacking
faults (red curve, see text for details) compared with hcp
(black curve) and fcc (blue curve) stacking.

support), a strong contribution is observed in the regions
corresponding to fcc peaks, compatible with the observed
relatively high reduction temperature for this catalyst
(intermediate between Co/SiO, and Co/AlL,O;).

2.5 Modelling the “Cobalt XRD” Diagram

2.5.1 Atomistic Simulation

An example of a defect structure, representing the incursion
of two stacking faults near the centre (layers 2 and 5 in the
above Fig. I) of an fcc particle is given in Figure 15. Here, a
complex diffraction pattern is observed, with intensity at
diffraction positions intermediate between those due to the
fce or hep structures.

The diagram simulated with stacking fault defects
contained inside the particle clearly corresponds more closely
to the experimentally observed diagrams than that calculated
for independent fcc and hep contributions. We take this to be
an indication that the metallic phase of the supported cata-
lysts is not a mixture of particles that are either fcc or hep,
but rather consists of particles containing several stacking
faults. One advantage of this direct simulation approach is
that the «real» particle size is taken explicitly into account.
For the particle size chosen for these simulations, the width
of the features in the calculated diffraction pattern corre-
sponds well to that observed in the experimental Co/SiO,
diagram. The computation time required to calculate dia-
grams for a large number of structures unfortunately prevents
further optimising the number and position of the stacking
faults, which would be necessary to obtain a quantitative
agreement between simulated and observed diagrams.

2.5.2 Statistical Simulation

A large number of configurations for stacking fault densities
can be rapidly explored using the DIFFAX software. For the
Co/SiO, catalyst, a simulated diagram corresponding closely
to the observed pattern was obtained (Fig. 16) by choosing a
probability of 40% that a plane of fcc stacking is followed by
hep stacking and a probability of 10% that a plane of hcp
stacking is followed by fcc stacking.
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Comparison of the anomalous diffraction pattern of the
reduced Co/SiO, catalyst and the simulated pattern for defect
probabilities of 40% fcc — hep stacking and 10% hep —fcc
stacking. Symbols represent expected diffraction peak posi-
tions (plus signs = hcp cobalt; asterisks = fcc cobalt).
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Here (contrary to the atomistic simulation) the features in
the calculated pattern are somewhat sharper than in the
experimental diagram. This is because, in the DIFFAX simu-
lation, line broadening is uniquely due to the presence of
stacking faults. Particle size effects are not taken into
account. Convoluting the simulation with an appropriate
smoothing function could be used to imitate the particle size
effect but has not been carried out here.

The substantial probability (40%) of an fcc to hep transi-
tion confirms that the particle structure is a complex succes-
sion of fcc and hep stacking. Again, the simulation of XRD
diagrams leads to the conclusion that the metallic phase of
the supported catalysts is not a mixture of single phase parti-
cles, but rather is a defective structure, containing a high den-
sity of stacking faults.

2.6 Effect of CO - H, Treatments on Cobalt
Microstructure

Treatment under pure CO at 230°C leads to the formation of
the carbide phase Co,C. The degree to which the metallic
cobalt is transformed depends on the initial structure
(Fig. 17): the low reduction temperature catalysts showing
higher diffraction intensity in the region of the Co hcp struc-
ture show only carbide peaks after treatment, whereas for the
high reduction temperature Co/Al,O5 catalyst significant
intensity corresponding to the Co fcc phase remains. The
transformation of Co fcc phase to carbide thus appears to be
more difficult.

Subsequent treatment of the catalysts under hydrogen at
230°C leads to decomposition of the carbide phase to the

metal (shown in Fig. 18). It is remarkable that the crystalline
phase resulting from this low temperature decomposition of
the carbide is hexagonal close packed. For the Co/SiO, cata-
lyst after carbide formation and decomposition the diffraction
diagram is simplified compared to the original reduced cata-
lyst, and the peak positions and intensities are consistent with
the presence of only the Co hcp phase. The microstructure of
the catalyst particles has thus been modified. For Co/Al,O;
the Co fcc contribution which remained after the treatment
under CO is still observed after decomposition of the carbide.
Structural modification occurs also in this case however, as a
major contribution in the region of the Co hcp peaks is
observed, whereas the original reduced catalyst showed
essentially fcc stacking.

2.7 Effect of Structure on Fischer-Tropsch Activity

In the above, promoted and unpromoted catalysts on different
supports are compared. It is clear that low reduction tempera-
tures lead preferentially to formation of the hcp structure
whereas high reduction temperatures correspond to increased
fee contributions. It is our aim to explore a possible relation-
ship between these variations in microstructure and changes
in catalytic activity. However, although the nature of the
metal — support interaction is not entirely elucidated, it is
generally considered to have an effect on the catalytic activ-
ity. In addition, variation of particle size in the above exam-
ples cannot be excluded, size measurement by DRX analysis
being difficult here due to the complexity of the diffraction
pattern. Particle size is known to influence reduction
temperature [22] which in turn may induce variations in
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Figure 17

Diffraction patterns of catalysts reduced and treated for 15 h
at 230°C under CO: Co/SiO, (red curve) and Co/Al,O5 (blue
curve, alumina support subtracted). Symbols represent
expected diffraction peak positions (¢ = cobalt carbide;
asterisks = fcc cobalt).

1400

1200

1000

[oe]
o
o

Counts (a.u.)
[o)]
o
o

400

29 (Cu Ka)

Figure 18

Diffraction patterns of catalysts reduced, carbided and rere-
duced at 230°C under hydrogen: Co/SiO, (red curve) and
Co/AL,O5 (blue curve, alumina support subtracted). Symbols
represent expected diffraction peak positions (plus signs =
hep cobalt; asterisks = fcc cobalt).
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Figure 19

Diffraction patterns of the Co/Al,O; catalyst, with support
diffraction pattern subtracted, after reduction (red curve, off-
set for clarity) and after carbide formation and decomposition
(black curve). Symbols represent expected diffraction peak
positions (plus signs = hcp cobalt; asterisks = fcc cobalt).
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Figure 20

Activity of the Co/Al,Oj5 catalyst, activated by reduction (fcc
structure, squares) and by carbide formation and decomposi-
tion (hep structure, triangles).

microstructure. In order to study the effect of particle
microstructure on activity, it is thus necessary to eliminate or
limit the extent of these effects. The results of the previous
sections enable us to develop a protocol to modify the
microstructure of the metallic phase of Fischer-Tropsch cata-
lysts without changing the support or degree of promotion.

Catalysts that have been treated successively under CO
and hydrogen have a high proportion of Co hcp stacking, in
contrast to the original reduced catalysts, where the type of
stacking is a consequence of the reduction temperature and is
thus indirectly dependant on the type of support or the pres-
ence of a promoter.

Figure 19 compares the XRD patterns for Co/Al,O; after
reduction (the catalyst has essentially Co fcc structure with a
small proportion of Co hcp stacking) and after carbide forma-
tion and decomposition (where the reverse is true).

The activity of the two catalysts was followed over several
days in the modified Anton Parr XRD/reaction chamber via
measurement of CO conversion under the conditions detailed
above (Fig. 20). A slow deactivation of the catalysts was
observed over the period, but the catalyst having mainly Co
hcp stacking maintained a conversion rate 50% higher than
the catalyst having mainly Co fcc stacking. Major products
were identified by gas analysis as C; (42% of total products)
C, - C, (28%) and Cs+ (29%) paraffin fractions, with no
significant difference in selectivity between the two catalysts.

In order to compare meaningfully the activity of the cata-
lysts, it is important to determine the dispersion, or accessible
fraction of the cobalt atoms. The fraction of cobalt exposed to
the surface is frequently determined from the particle size,
measured using the width of the diffraction peaks. In our

case, because of the presence of stacking faults, the peak
width does not truly reflect the particle size, but rather the
size of the coherent crystalline domains. The accessible
cobalt fraction was thus determined by oxygen titration.

After reduction at 550°C (or after carbide decomposition
at 550°C), the catalyst samples were flushed in flowing He
then the temperature was decreased to 20°C. A series of
pulses of oxygen in the He carrier gas were then passed
through the catalyst bed, and the number of moles of oxygen
consumed by the samples was calculated from the known
pulse volume and the number of pulses reacting with the
sample. The number of moles of cobalt reduced was calcu-
lated by assuming metal Co was converted to Co;0,. The
ratio of this quantity to the total number of moles of cobalt
(calculated from the sample mass and cobalt content) gives
the accessible metallic cobalt fraction. Values for the accessi-
ble metallic cobalt fraction were 8.8 (x 0.4)%, for the
reduced catalyst and 9.6 (+ 0.4)% for the catalyst after car-
bide formation and decomposition. Given the estimated
experimental error of the oxygen titration measurements, the
values for the accessible metallic cobalt fraction are close and
do not allow the large difference in activity to be attributed to
a change in dispersion.

A short catalytic test carried out just after a treatment
under CO (formation of the carbide phase) confirmed, in
agreement with the literature [24, 25], that the carbide is not
highly active in Fischer-Tropsch synthesis.

Catalytic tests were also carried out on the Co-Ru/SiO,
catalyst. As the reduced catalyst in this case has a large pro-
portion of Co hep stacking, a novel treatment was necessary
in order to increase the fcc content. From the arguments put
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Figure 21

Diffraction patterns of the Co-Ru/SiO, catalyst, activated by
reduction (Test A: mixed fcc-hep structure, blue curve), by
high temperature inert gas treatment followed by direct high
temperature reduction (Test B: fcc structure, black curve) and
by carbide formation and decomposition (Test C: hcp struc-
ture, red curve). Symbols represent expected diffraction peak
positions (plus signs = hcp cobalt; asterisks = fce cobalt).
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Figure 22

Activity of the Co-Ru/SiO, catalyst, activated by reduction
(Test A: mixed fcc-hep structure, diamonds), by high temper-
ature inert gas treatment followed by direct high temperature
reduction (Test B: fcc structure, squares) and by carbide for-
mation and decomposition (Test C: hcp structure, triangles).
Dotted lines are a guide to the eye.

forward in the preceding sections, a reduction at high
temperature was considered necessary to achieve this. It was
found that increasing the temperature under a flow of inert
gas led to a partial reduction of the Co;0, to CoO, with no
formation of a metallic phase up to 500°C. By switching the
flow of gas to pure hydrogen at this temperature, the catalyst
was then reduced to form a phase giving an XRD diagram
similar to the reduced Co/SiO,: i.e. with a significant propor-
tion of Co fcc stacking. Although the effect of varying the
treatment conditions under inert gas before reduction has not
been studied in detail, it appears that a reduction at high tem-
perature of the intermediate cubic oxide structure CoO does
indeed lead preferentially to the formation of Co fcc stacking.
CO conversion was then compared in three catalytic tests:
— test A: Co-Ru/SiO, catalyst reduced by increasing the
temperature at 10°C/min under hydrogen to 500°C;
— test B: Co-Ru/SiO, catalyst enriched in Co fcc stacking as
described above;
— test C: Co-Ru/SiO, catalyst after reduction, carbide forma-
tion and decomposition.

XRD analysis at the start of each test is shown in Figure 21.
While Test A investigates the activity of the complex defect
phase described in preceding sections, Test B measures the
impact of enhanced Co fcc stacking while Test C measures the
impact of enhanced Co hcp stacking. The observed catalytic
activities (Fig. 22) strikingly confirm the tests for Co/Al,O;:
the higher the proportion of Co hcp stacking, the higher the
CO conversion rate. Here, the activity of the catalyst most
enriched in Co hcp stacking is three times that of the catalyst

most enriched in Co fec stacking. Again, a slow deactivation
of these catalysts was observed over the test period.

3 DISCUSSION

We have shown by XRD diagram subtraction and confirmed
by anomalous XRD that the broad diffraction intensity
observed in reduced supported cobalt catalysts is due to the
complex structure of the cobalt particles. Both atomistic sim-
ulation (calculation from the Debye equation) and statistical
simulation (using DIFFAX software) confirm that this struc-
ture consists of a defect phase characterised by a high density
of stacking faults. Each simulation method however has limi-
tations in obtaining a quantitative description.

The hep structure is the low temperature form of cobalt, as
confirmed by the in-situ diffraction analysis of the reduction
of the bulk oxide. The comparison of the Co-Ru/SiO,,
Co/Si0,, and Co/Al,O; catalysts shows a trend which is thus
coherent with the temperatures at which the cobalt is seen by
TPR to be reduced. The Co-Ru/SiO, catalyst, which shows a
first peak of cobalt reduction at 200°C, has a higher dif-
fracted intensity in the regions expected for the hcp structure
compared with Co/SiO, (whose first reduction peak is at
290°C). The Co/Al,O; catalyst, showing a first reduction
peak at 380°C, is essentially of fcc structure.

Further work would be needed to quantify the effect, but
one would indeed expect that the probability of maintaining a
hep stacking would be higher if the structure is formed at
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lower temperature, whereas the probability of a transition to
an fcc stacking would increase if the particles are formed at
high temperature.

Preliminary results, suggesting that increasing the temper-
ature under an inert gas followed by immediate reduction at
high temperature under hydrogen leads to selective formation
of the Co fcc phase, are also coherent with the proposition
that the reduction temperature directly determines the
microstructure of supported cobalt catalysts, whereas the
effects of support and promoter are indirect consequences of
this general rule.

Formation of the cobalt carbide phase followed by its
decomposition to metallic cobalt has been shown here to lead
to an increase in the proportion of hcp stacking. Structural
data for the two cobalt phases (fcc and hep) as well as for the
carbide are given in Table 2. The structures of hexagonal
(hcp) and cubic (fec) cobalt contain identical planes in which
the cobalt atoms are at a distance of 2.50 A from their six
first neighbours. Only the stacking sequence is different,
being ABCABC for cubic (fcc) cobalt and ABAB for hexag-
onal (hcp) cobalt. In the Co,C structure, the cobalt atoms of
the 010 planes present the same hexagonal arrangement, with
Co-Co distances slightly larger (2.654 A). The stacking
sequence is ABAB (see Fig. 23).

We propose that, due to the similarities of cobalt carbide
and hcp cobalt structures, the carbide transforms preferen-
tially to the metallic cobalt structure which has the same
ABARB stacking of the atomic planes. Thus, after decomposi-
tion of carbide under hydrogen, most of the metal formed is
of hep type.

It is possible the structure influences the diffusion of car-
bon into the metal. Carbon diffusion would be expected to be
facilitated for the hep stacking where a local carbide structure
can be produced. This could explain the observation that the
catalysts containing a large amount of hcp Co produce more
carbide upon exposition to CO than those reduced at high
temperature and mostly of fcc type.
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Figure 23

Structural representation of fcc Co (left), hep Co (center) and
Co,C (right).

The easier insertion of carbon into the hcp Co could also
be at the origin of the higher activity of this structural type of
cobalt in the Fischer-Tropsch reaction. Indeed, surface car-
bide or sorbed carbon issued from the dissociation of CO at
the surface of the catalyst has been proposed as an intermedi-
ate in the formation of the hydrocarbon chains [26]. Difficult
insertion of carbon in fcc cobalt phase would be in line with a
lower activity observed for this structure.

CONCLUSION

In order to study in detail the structure of metallic catalyst
particles, subtraction of an XRD diagram of the support
alone is a simple and effective method for removing the dif-
fraction signal due to the support, in cases where the support
is not strongly crystallised and is not modified during the cat-
alyst preparation. In our case, anomalous X-ray diffraction
confirmed the validity of the approach.

TABLE 2
Structural data for fcc Co, hep Co, and Co,C
fce Co
fec C hep C Co,C
ceto in pseudo hexagonal cell PO 02
Space group Fm3m (225) P1 P6;/mmc (194) Pnnm (58)
Cell parameters a=3.545A a=2.507 A a=2503 A a=4446 A
c=6.1401 A c=4061 A b=4371 A
y=120° y=120° c=2.897 A
Wyckoff Co la 4g 2c 4g
C - - - 2a
XY,z Co 1/3,2/3,1/3 0,0,0 1/3,2/3,1/4 0.653,0.742,0
2/3,1/3,2/3
0,0,0
C _ _ - 0,0,0
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The structure of supported metallic cobalt particles has
been shown to be complex, consisting of a defect phase char-
acterised by a high density of stacking faults. The degree to
which defects are present has been shown to be related to the
temperature at which the cobalt oxide is reduced to metallic
cobalt. For low reduction temperatures the structure is close
to hexagonal close packed, the stable phase at low tempera-
ture for bulk cobalt. Introduction of stacking faults leads to
the presence of a significant amount of face centred cubic
stacking in catalyst particles, even when the reduction of
cobalt occurs at relatively low temperatures compared to the
bulk metal transition temperature. High temperature reduc-
tion, whether induced by the nature of the support or by the
reduction protocol, leads preferentially to fcc stacking.

Structural modification of the supported cobalt particles can
be achieved via carbide formation under CO and its decompo-
sition under hydrogen. The Co hcp structure has been shown to
transform to carbide more easily than the Co fcc structure.
More importantly, the decomposition of Co,C has been shown
to lead to the selective formation of the Co hcp phase. As car-
bide decomposition takes place at relatively low temperatures,
selective Co hcp formation is coherent with the observation
that the temperature at which the metallic particles are formed
directly determines the resulting microstructure.

Furthermore, observation of the Co,C structure shows that
the cobalt atoms in the carbide are located on hexagonal
planes similar to those of the metallic phases, and the stacking
sequence is the same as in the Co hcp phase (ABAB), which
could explain an easier path from one phase to the other.

Catalytic tests under representative Fischer-Tropsch con-
ditions maintaining the same support, and promoter effects,
with similar particle size, show that the presence of a major-
ity of Co hcp stacking is beneficial to CO conversion,
whereas increasing the proportion of Co fcc stacking has a
prejudicial effect on catalyst activity.

Although cobalt carbide is not an active phase in Fischer-
Tropsch synthesis, we can speculate that the facile formation
of carbide from the hcp structure and decomposition of the
carbide to hcp cobalt may be at the origin of this effect, per-
haps facilitating the insertion of carbon atoms (from CO
decomposition) and their extraction (on hydrocarbon forma-
tion) in the surface layer of the working catalyst.

These results thus point to possible future study both to
improve the understanding of the role of «surface carbon» in
the mechanism of Fischer-Tropsch catalysis and for the
development of more active catalysts.
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