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Cobalt on carbon nanofiber catalysts: auspicious system for study of
manganese promotion in Fischer—Tropsch catalysis
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STEM-EELS and XPS investigation shows manganese oxide
to be closely associated with cobalt nanoparticles supported on
carbon nanofibers thereby improving selectivity in Fischer—
Tropsch catalysis.

Carbon nanofibers and carbon nanotubes, due to their small
dimensions, large aspect ratio and tunable density, are a very
promising material with a potential use in many applications.'
Moreover, the combination of a high mechanical strength with a
high purity of graphitic carbon makes them very suitable for use as
supports in heterogeneous catalysis.> Recently, we reported the
interesting catalytic performance of dispersed cobalt on carbon
nanofibers catalysts for the Fischer—Tropsch (FT) reaction.” In the
FT reaction synthesis gas (CO/H,) is converted into transportation
fuels, enabling the switch from crude oil to methane, coal or
biomass. In this paper, we report on the remarkable influence of
manganese oxide promotion on cobalt based FT catalysts,
showing that manganese, although deposited in a separate step,
is preferentially located on top of the cobalt particles and thus
brings about strong promoter effects.

Fishbone-type carbon nanofibers (CNF) with diameters of
about 30 nm were grown out of synthesis gas and subsequently
activated by refluxing them in concentrated HNO; using
established procedures.*> A 5 wt% cobalt catalyst was prepared
using incipient wetness impregnation of Co(NOs),-6H,0 dissolved
in demiwater. After reduction in H, at 350 °C for 2 h and
passivation at 150 °C with CO,, manganese (1 wt%) was deposited
onto the Co/CNF sample using wet impregnation of
Mn(NO»),-4H,0 followed by an optional reduction and passiva-
tion treatment under conditions mentioned. Using similar
techniques a 12 wt% Co/CNF catalyst was prepared and was
impregnated with manganese loadings of 0.15, 0.60, 1.2 and
2.4 wt% to obtain more detailed catalytic data.

The 5 wt% Co-loaded samples were examined in a dedicated
scanning transmission electron microscope (STEM), VG HB501,
with a Gatan Enfina spectrometer to obtain energy electron loss
spectroscopy (EELS) spectra. High Angle Annular Dark Field
(HAADF) images were acquired at an acceptance angle of 70—
210 mrad. XPS data were obtained with a Vacuum Generators
XPS system using Al K, radiation. FT-catalytic measurements,
after re-reduction at 350 °C, were carried out at 220 °C in a plug-
flow reactor at 110 kPa and CO/H; (1 : 2, no diluents) as described
carlier.?

Fig. 1 shows a representative dark field image together with
elemental maps for cobalt, manganese and oxygen of the dried

*k.p.dejong@chem.uu.nl

CoMn/CNF sample (5 wt% Co, Co : Mn = 5 : 1). Nanoparticles
of 4-7 nm can clearly be seen to be decorating the fiber. The
elemental mappings, abstracted from the EELS data, show that
these particles consist of both cobalt oxide and manganese oxide.
It is clear from the data that manganese is always associated with
cobalt and is not found elsewhere. From comparing Fig. 1c and 1d
it can be concluded that the Mn patches are bigger than the Co
ones, suggesting that Mn is covering cobalt. This finding was
supported by XPS data, as we found a 24% decrease of the Co/C
ratio upon loading of 1 wt”% Mn. TEM investigations verified that
this decrease had not been provoked by sintering of the cobalt
particles. Since equal coverage of carbon and cobalt by manganese
would increase the XPS Co/C ratio, this indicates that also on a
macroscopic scale manganese covers the cobalt particles. The
absence of manganese on the CNF seems to be surprising as this
metal was deposited after loading of cobalt, in principle allowing
the manganese precursor to be deposited anywhere on the surface.
This interesting observation can only be explained if a driving force
can be identified for the coalescence of both metal oxides. A
driving force that is very probable is the stabilisation of the
manganese precursor on the cobalt oxide. Co and Mn have similar
ionic radii and form both stable mixed nitrates and mixed oxides.
In the drying step manganese nitrate is mobile and its deposition
on cobalt is energetically favourable and hence likely.

The reader has to be aware that all measurements described so
far were done on the dried, as synthesized catalyst. But before use
in the FT reaction catalysts are reduced again which on an oxidic
support causes segregation of both metals.*” Therefore, we also
investigated the CoMn/CNF sample reduced at 350 °C. With
quantitative XPS after in situ reduction no changes in the Mn/C
and the Co/C ratios were found, showing the absence of sintering.
Interestingly we observed a higher Co binding energy for the
promoted system, which indicates that MnO, retards the reduction
of Co. Also EELS data (Fig. 2) showed that on the final catalyst
MnO has not migrated to the support and is still present closely
associated with the cobalt particles. Therefore, loading with MnO
is to be expected to influence the catalytic properties of Co/CNF.
Measuring at 2% CO conversion, the selectivity towards longer
hydrocarbons (Cs,) was found to increase substantially from 29
to 47 wt%, mainly at the expense of undesired methane
production which decreased from 44 to 22 wt%. Furthermore it
was found that the activity of the catalyst decreased from 1.64 to
0.36 10> molco/gco*s.

To investigate more systematically the effect of MnO on the
catalytic performance of Co/CNF catalysts we loaded various
amounts of Mn on a 12 wt% Co/CNF catalyst described earlier.?
Fig. 3 shows the Cs, selectivity steadily increasing from 24 to
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Fig. 2 Elemental mappings for CoMn/CNF reduced at 350 °C: (a)
carbon, (b) cobalt, (¢) manganese and (d) oxygen.

51 wt% with increasing manganese loading, while the methane
selectivity decreased from 44 to 17 wt%. The activity, expressed as
the yield of Cs,, goes through a maximum at a Mn loading of
0.15 wt%. Higher loadings of Mn still increase the selectivity, but
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Fig. 3 Influence of Mn loading on selectivity and activity of 12 wt% Co/

CNF, measured at 220 °C, GHSV = 9400 h™'. Reported data are for
stable performance after at least 48 h of operation.
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Representative images of dried CoMn/CNF: (a) HAADF image and elemental mappings for (b) carbon, (c) cobalt, (d) manganese and (e) oxygen.

the activity decreases. It is likely that this decrease in activity with
higher Mn loading stems from the blocking of cobalt surface sites,
which previously were active in the FT reaction. The cobalt atoms
in the vicinity of MnO, have a lower hydrogenation activity and
hence become more selective towards Cs, formation. So both the
catalytic data and the data obtained from characterisation with
STEM-EELS and XPS point towards the covering of cobalt by
MnO,.

MnO, is reported to be a promoter element for cobalt-based FT
catalysts in both academic and patent literature. Originally most
of the research was devoted to cobalt supported on MnO,
supports.¥'! All of these systems have high manganese loadings
and the increased selectivity towards longer hydrocarbons might
be comparable to the widely studied strong metal support
interaction (SMSI). SMSI is observed for catalysts supported on
titania and is provoked by the migration of TiO, sublayers onto
the metallic particles.'>'> Recently MnO, promoter effects on
cobalt catalysts supported on oxidic carriers have been investi-
gated.®”'*17 Very recently Morales et al. fundamentally studied
promoter effects on Co/TiO, doped with Mn (Co/Mn = 3.5).%7
The authors report lower cobalt reducibility to be responsible for
increased selectivity towards longer hydrocarbons (from 28 to
35 wt%). Interestingly they report migration of MnO, to the
titania support during the reduction treatment. We showed that
the study of promoter effects can benefit a lot from the use of inert
carriers like CNF as even after reduction the promoter is not
found separately on the CNF surface. Therefore the addition of
very small amounts of Mn (0.15 wt%) already brought about a
25% increase of Cs, selectivity. The link we found between
promoter addition, characterisation and catalysis will be of use for
the discovery of advanced cobalt based FT catalysts. We propose
that the study of other oxidic promoters can benefit from the use
of CNF as support material.
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