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In situ XAFS spectroscopic studies have been carried out at 450 °C on the hydrogen reduction of a rhenium-
promoted Co3O4/Al2O3 catalyst. Reductions carried out using 100% hydrogen and 5% hydrogen in helium gave
different results. Whereas the reduction using dilute hydrogen yielded bulk-like metallic cobalt particles (hcp or fcc),
the reaction with pure hydrogen led to a more dispersed system with smaller cobalt metal particles (<40 Å) the
crystal form of which could not be established so that the recently reported metastable nonclose-packed body-
centred cubic form cannot be excluded. Reoxidation of a similar catalyst in water-containing gas mixtures has been
reported in the literature; it is suggested that the different outcome in the case of the 100% hydrogen protocol may
be due to a similar mechanism. This would involve the in situ water produced by the reduction with
reoxidation–reduction of cobalt metal particles in the water vapour–hydrogen mixture. However, this mechanism
cannot be established by the present study. Additionally, in both reduction protocols a small fraction (3–4 wt.%) of
the cobalt content is randomly dispersed over the tetrahedral vacancies of the alumina support with Co–O bond
lengths of 1.96±0.01 Å. This dispersion occurs during reduction and not calcination.The cobalt in these sites
cannot be reduced at 450 °C, a temperature that is too low to permit formation of the spinel CoAl2O4 .

X-Ray absorption spectroscopy ( XAS) is a useful method for part involves the diffusion of cobalt ions into the structure of
characterising local structural features of selected elements in c-Al2O3 where they occupy vacant octahedral and/or tetra-
heterogeneous catalysts. Although the technique is actually a hedral positions. This apparently leads to two main types of
bulk technique it is also valuable for studying chemical reac- cobalt-containing phase: (a) cobalt bonded to the alumina
tions that take place at the surfaces of heterogeneous catalysts support in the form of a surface phase that is resistant to
because the overall contribution to the XAS signal arises from reduction and (b) the easily reduced spinel Co3O4 which
the significant proportion of active sites that are highly dis- dominates above a certain cobalt concentration (3–4%). A
persed over a large number of surfaces. Indeed, XAS is major factor determining catalytic activity is the influence of
particularly suited for characterising such systems because promotors; e.g. there is a two-fold increase in the rates of
their inherent lack of long range order precludes study by X- hydrogenation of carbon monoxide in the presence of platinum
ray diffraction. In addition, XAS is capable of giving infor- and rhenium promoters.28,29
mation on interactions between the support and the metal We report here the results of in situ XAS experiments on
catalyst, an aspect which is relevant to this work since such the reduction with dilute hydrogen (5% in helium) at 450 °C
interactions are known to influence activity and selectivity.1–3 of the rhenium-promoted Co/Al2O3 (cobalt content 26 wt.%).

This paper is concerned with an alumina-supported cobalt This is an extension of previous work35 in which the catalyst
catalyst used in the Fischer–Tropsch process. In this process was reduced by 100% hydrogen at the same temperature. We
linear high-molecular weight aliphatic hydrocarbons are syn- also report here the results of experiments carried out at lower
thesised by catalytically hydrogenating carbon monoxide.4–30 temperatures (200 °C ) on the same catalyst and the results of
A comprehensive review of the literature dealing with this the reduction at 450 °C of a similar system but one with a
system and its variants is given by Holmen et al.31 much lower cobalt content (4.6%).

XAS has been used previously to study several modifications
of Co/Al2O3 catalysts. Probably the earliest study was that

Experimentalreported by Greegor et al.32 Fay et al.24 used the method to
characterise a boron-modified system, and Huffman et al.33 Synthesis
used XAS in an in situ study of potassium-promoted cobalt

Essentially following the procedure described in thecatalysts supported on alumina and silica during reduction in
literature29(but in our case with a triple cobalt loading) thehydrogen at 200 °C with subsequent reaction in a synthesis
alumina-supported cobalt catalyst with 26% cobalt loadinggas mixture. The latter support was also used by Takeuchi
(analysis by atomic absorption spectroscopy) was prepared byet al.34 Recently, Moen et al.35 in a preliminary report described
the incipient wetness impregnation of c-alumina (sieved toan in situ XAS study at the Co K-edge on the reduction of
40–50 mesh) with aqueous solutions of Co(NO3)2·6H2O andthe rhenium-promoted Co/Al2O3 catalyst (cobalt content
HReO4(calculated to give 1.0 wt.% rhenium). The resulting26 wt.%) at 450 °C using 100% hydrogen.

From these studies it appears that catalyst preparation in material was dried overnight at 120 °C and then calcined at
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500 °C for 8 h. A sample of the same system but with a much EXAFS data analysis. The data were corrected for dark
currents, converted to k-space, summed and background sub-lower cobalt loading (4.6%) was prepared and treated

similarly.29 tracted to yield the EXAFS function xobs
i
(k) using the

EXCALIB and EXBACK programs.38 Model fitting wasHydrogen reduction of the catalysts was carried out in situ
(see below). carried out with EXCURV90 using curved-wave theory and

ab initio phase shifts.38,39 The edge positions were determined
from the first inflection points (after any pre-edge features) of

X-Ray absorption data the derivative spectra.
The k3 weighting scheme compensates for the diminishingXAS data were collected using the facilities of the bending

photoelectron wave at higher k. The curve-fitting was per-magnet Swiss-Norwegian Beamline (SNBL) at the European
formed on data that had been Fourier filtered over a wideSynchrotron Radiation Facility (ESRF ), Grenoble, France.
range (1.0–25.0 Å). This filter removes low-frequency contri-Spectra were obtained on station EH1 (SNBL-ESRF) at the
butions to the EXAFS below 1 Å, but does not smooth thecobalt K-edge (l=1.6086 Å; energy=7 709 eV ).
spectrum (i.e. the noise is not removed). The ranges for theA channel-cut silicon(111) monochromator with an
Fourier transformations were 3–14 Å−1 .unfocussed beam was used to scan the X-ray spectra. The

The model compounds, cobalt Tutton salt,40 cobalt alumin-beam currents ranged from 80–130 mA at 6.0 GeV. Higher-
ate41 and cobalt() oxide42 were used to check the validity oforder harmonics (ca. two orders of magnitude) were rejected
the ab initio phase shifts and establish the general parameterby means of a gold-coated mirror angled at 7.3 mrad from a
AFAC (proportion of absorption causing EXAFS) and VPIbeam of size 0.6×4.7 mm which was defined by the slits in
(allows for inelastic scattering of the photoelectron).38 Thethe station. The maximum resolution (DE/E) of the Si(111)
cobalt spinel (Co3O4), which contains both cobalt() andbandpass is 1.4×10−4 .
cobalt(),43 was used as a reference.Gas ion chamber detectors with their gases at ambient

temperature and pressure were used for measuring the intensit-
ies of the incident (I0) and transmitted (It) X-rays. The detector Results and discussion
gases were as follows: I0, detector length 17 cm, 100% N2; It, We have previously shown35 that the XAS of the unreducedlength 31 cm, 35% Ar, 65% N2 .

material (sample A) is indistinguishable from that of the
reference compound Co3O4 . Clearly, the method of prep-
aration, together with the comparatively high cobalt loading,Data collected at the Co K-edge. The spectral energy

calibration was checked by measuring the spectrum of a Co- yields a material in which Co3O4 is the dominant phase and
that this phase is distributed throughout sample A in the formfoil (thickness 5 mm; the energy of the first inflection point

being defined as the edge 7 709 eV; accurate calibrations are of relatively large (>100 Å) crystallites. This conclusion is
consistent with the sizes (140–190 Å) derived from the lineparticularly important for the pre-edge and XANES regions

where the need for comparisons between the different spectra broadening observed in the X-ray diffractogram.29
The reduction at 450 °C with 5% hydrogen was monitoredmake it necessary to define the absolute energies of the spectral

features; for the EXAFS the energy is relative to the individual by a series of quick short scans taken just before and after the
edge. The intensity of the white line (characteristic of Co3O4)edges which are therefore defined as zero). The energy scale

calibration of each spectrum was carried out using an rapidly decreased with time and on the basis of this indicator
the reduction was essentially completed within approximatelyin-house program.

The XAS of the catalysts, before and after reduction, and 15 min, although the process was continued for a further 6 h.
Fig. 1 shows the XAS of sample A (26 wt.% loading ofof the model compounds CoAl2O4 , CoO, the cobalt Tutton

salt, [NH4 ]2 [Co(H2O)6 ][SO4 ]2 , and Co3O4 were also meas- cobalt) reduced by 100% and 5% hydrogen (to give samples
B and C, respectively) and sample D (4.6 wt.% loading)ured. The amounts of material in the samples were calculated

from element mass fractions and the absorption coefficients of reduced in 5% hydrogen; the spectrum of bulk cobalt metal is
also shown. The X-ray absorption near edge structurethe constituent elements36 above the absorption edge to give

an absorber optical thickness of 1.5 absorption lengths. The ( XANES) regions for the model/reference compounds and
samples A, B, C, D are depicted in Fig. 2. The model/referencewell-powdered samples of the model and reference compounds

were mixed with boron nitride so as to give a sample thickness compounds, chosen for their tetrahedral and octahedral cobalt
environments, are represented by the following compounds:of ca. 1.0 mm and placed in aluminium sample holders and

held in place by Kapton tape. Co3O4/Al2O3 destined for the CoAl2O4 (tetrahedral CoII(O)4); [NH4 ]2 [Co(H2O)6 ][SO4 ]2
(distorted octahedral CoII(O)6); CoO (octahedral CoII(O)6);in situ reduction was ground and sieved (7–125 mm) and mixed

with the requisite amount of boron nitride or graphite to and Co3O4 (tetrahedral CoII(O)4 plus octahedral CoII(O)6).
Fig. 3 contains the first derivatives of the edge region becauseachieve the desired absorber thickness. (The experiment using

graphite was to establish whether that material affects the they are useful for highlighting characteristic features about
the edges (particularly the pre-edge features) and establishingproduct; the spectra of the samples diluted with boron nitride

and graphite were similar.) their energies.35,44
A comparison of the XAS of cobalt metal (as a foil withThe catalyst was then loaded into a Lytle in situ reactor-cell37

and reduced in a mixture of H2 (5%) in He (purity; 99.995%: the face centred cubic or hexagonal close-packed structure,
their spectra are similar35) and sample B in Fig. 1 reveals thatflow rate 60 ml min−1) by heating from room temperature to

450 °C and maintaining at that temperature for 6 h. there are significant differences between them. Yet, the spec-
trum of sample C closely resembles that of the cobalt metal.The same procedure was repeated for other samples but

with the difference that the hydrogen flow was started at The edge regions of bulk cobalt metal and sample B are also
different, as emphasised by the first derivatives (Fig. 3).450 °C. Similar measurements were also carried out at 200 °C

and for 13 h. The samples are designated as follows. Sample Evidently, sample B, unlike sample C, is not composed of
bulk metal particles. Hence, reduction by 100% and 5%A: the catalyst containing 26% cobalt (shown below to be

mainly Co3O4/Al2O3). Sample B: produced by reducing sample hydrogen yields products (B and C ) with different physical
characteristics.A in 100% hydrogen at 450 °C.35 Sample C: prepared by

reducing sample A in 5% hydrogen at 450 °C. Sample D was The most prominent features in the XAS of sample B are
the pre-edge peak at 7709 eV and the absence (or considerableprepared by reducing the catalyst containing 4.6% cobalt in

5% hydrogen at 450 °C. reduction) of the white line so characteristic of Co3O4 ,
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Fig. 3 The first derivatives of the XANES spectra of samples A, B,
C, D and the reference/model compounds. The positions of the pre-
edge peaks are marked ($).

CoAl2O4 , CoO, cobalt Tutton salt and its precursor, sample
A. The white line is also absent in the XAS of bulk cobalt
metal which suggests that sample B contains a high degree of
reduced material consistent with the estimate (80%) for reduc-
ibility of rhenium-promoted Co3O4/Al2O3 under the sameFig. 1 Normalised XAS of samples B, C, D and the reference cobalt
conditions.29metal.

Pre-edge peaks

The XAS at the K-edge of certain valence states of some
transition compounds often contain an electronically interes-
ting pre-edge feature a few eV below the edge. This feature is
useful because it yields structural and electronic information,
especially when combined with the extended X-ray absorption
fine structure (EXAFS) region of the same spectrum.44,45

The peak results from the absorption process 1sA3d and
for solid macromolecular materials (such as CoO, CoAl2O4
and Co3O4 ) the final state(s) are unoccupied bands. The
transition probability (intensity) is related to the symmetry
(A1AT2 for T d symmetry) and to the occupancy of the 3d
shell. For a given occupancy, the transition is most intense
when the first coordination shell lacks inversion symmetry. In
the case of the cubic point groups this applies to tetrahedral
(T d) environments but not to octahedral (Oh) symmetry;
although for the latter point group a considerably weaker pre-
edge feature does actually occur (despite being forbidden by
the centre of symmetry). This is because the crystallographic
point group represents a static model derived by time-averaging
the asymmetric vibrations within the molecule whereas the
XAS reacts to the individually and constantly changing struc-
tures of the local environment as vibrations momentarilyFig. 2 Normalised Co K-edge XANES of the samples and reference

materials. eliminate the centre of symmetry. An example is the spectrum
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(Fig. 2 and 3) of CoO, with its very weak pre-edge feature the bond length of a tetrahedral CoII(O)4 environment the
latter appears to be somewhat shorter than that yielded by the(better revealed in the derivative of the spectrum), in which

the octahedrally coordinated cobalt is in an Oh environment.44 EXAFS of the bulk cobalt metal reference (2.48±0.02 Å,
Debye–Waller type factor (2s2)=0.013 Å2). Apai et al.47For symmetries lower than Oh, as in the distorted octa-

hedrally coordinated cobalt environment (Co(H2O)62+) in the reported that metal–metal distances in very small metal par-
ticles are contracted relative to those in the bulk, an obser-Tutton salt, [NH4 ]2 [Co(H2O)6 ][SO4 ]2,40 the intensity is

somewhat enhanced, although still comparatively weak. vation that has subsequently been reported by others.48,49
Although a shortened Co–Co distance would accompany anBy contrast, the pre-edge peaks associated with tetrahedral

cobalt environments are more intense in accordance with the edge shift a more detailed study that focuses on this particular
aspect is required before the final conclusion can be drawn.noncentrosymmeric T d point group. This is exemplified in the

spectrum of CoAl2O4 (Fig. 2 and 3). These figures also show
XAS of sample Cthe pre-edge region for the spinel Co3O4 which has one third

cobalt() in tetrahedral sites and two thirds Co() in octa-
The XAS spectrum (Fig. 5 shows the magnitude of the Fourierhedral sites. The pre-edge feature is composed of the tetra-
transforms of the EXAFS region) of sample C shows thathedral peak and the very weak (forbidden) octahedral peak,
reduction at 450 °C in 5% hydrogen produces bulk-like cobaltthe overall peak intensity being reduced because the proportion
metal (hcp or fcc) particles with only a minor fraction ofof the cobalt content in tetrahedral sites is now only one third
cobalt being incorporated into the alumina support (thethe total cobalt content and not unity as in CoAl2O4 (but
nonmetallic phase); the latter is discussed below.see below).

XAS of sample DXAS of sample B
It is evident from the full XAS spectrum (Fig. 1) and theFig. 4 shows the XANES regions of samples A and B and
EXAFS region (Fig. 6) that the major cobalt-containing com-bulk cobalt metal. The edge position of sample B is at a higher
ponent consists of cobalt incorporated into the alumina sup-energy (7714 eV ) than that in bulk cobalt metal. The pre-edge
port. This cobalt fraction is not reduced by hydrogen atpeak at 7710 eV in sample B serves both as a convenient
450 °C. The pre-edge peak shows that the cobalt environmentcontrol of the edge energy and as an important diagnostic
is tetrahedral CoII(O)4 the EXAFS yielding a Co–O distancefeature for tetrahedral CoII(O)4 environments. Another sig-
of 1.96±0.01 Å that is consistent with this.43nificant feature in the sample B spectrum is the absence of the

white line. As shown in the same figure, this is also character- The effects of using concentrated versus dilute hydrogenistic of bulk metallic cobalt. Since the edge energy of bulk
metallic cobalt is 7 709 eV, any significant contribution from This study shows that the main reduction product of sample
that metal in a composite spectrum of two-or-more phases A at 450 °C using 100% hydrogen (sample B) differs from that
would obscure this pre-edge peak. This does not occur in
sample B because the edge is actually moved to a higher
energy. The significance of the edge shift, the pre-edge peak
and a considerably reduced EXAFS amplitude have been
discussed in terms of small metal particles (<40 Å) and the
consequent deviation from bulk properties.35 The effect of
particle size on the EXAFS amplitude is significant for dimen-
sions below ca. 30 Å.26 Recent studies on the size determination
by EXAFS confirm this.46

It is therefore apparent that a minor fraction of cobalt in
sample B is sited in the tetrahedral environment that we know
is present from the pre-edge peak. The distances extracted35
from the EXAFS are 1.92±0.01 Å (Debye–Waller type factor
(2s2)=0.011 Å2) for the Co(O)4 tetrahedral site (which is
close to the distance extracted from the cobalt-containing
support in sample D, see below) and 2.49±0.01 Å
(Debye–Waller type factor (2s2)=0.023 Å2) due to Co–Co
backscattering. Whereas the former distance corresponds to

Fig. 5 Fourier transforms of samples B and C (top and bottom,
Fig. 4 Normalised Co K-edge XANES regions of samples A and B respectively). The amplitudes of the peaks for sample B are much

reduced compared with bulk cobalt metal (centre).and the reference cobalt metal (bulk).
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ing gas mixtures. They found that unpromoted and rhenium-
promoted catalysts behave differently, with cobalt in the latter
being more easily reoxidised and the resulting oxidised phase
being more easily reduced. Other results in the literature also
show that water has an effect; the introduction of water to
Fischer–Tropsch reactions that are catalysed by variants of
the Co/Al2O3 system affect the rate of reaction and distribution
of the reaction products.51,52

Turning to the present experiments, since in situ water (ca.
2 mg) is produced during the reduction some degree of reoxi-
dation of the freshly reduced cobalt metal would fit in with
the results of Hilmen et al.50 If the action of in situ water is
responsible for the different outcomes of 100% and 5% hydro-
gen reduction at 450 °C then it seems likely that the partial
pressures of water must be highest for the former and hence
more effective in reoxidising metal particles which are again
reduced by hydrogen.

Further experiments are necessary to ascertain whether this
suggested mechanism is viable and also to establish whether a
reoxidation–reduction process increases the metal dispersion
by breaking up the initially large cobalt particles into smaller
particles.

The nonmetallic phase

Information concerning the amount of cobalt incorporated
into the alumina support is forthcoming from the XAS of
samples C and D with 26% and 4.6% cobalt (as noted above).
The data for the latter show that the amount of metallic cobalt
produced is small. In order to estimate the fraction of cobalt
that is incorporated into the alumina support the spectra of
the high- and low-cobalt samples were first normalised and
then a series of summed spectra were constructed by adding
the low-cobalt spectrum (the major component in the support
being cobalt incorporated into the support) to progressively
increasing numbers of cobalt-metal spectra until the actual
spectrum of the high-cobalt sample was closely reproduced.
The best simulation was obtained with the fractions cobalt
metal5low-cobalt catalyst being in the ratio 851. For the 26%
loading this translates into ca. 3% cobalt being incorporated
into the alumina support. (If the small fraction of metallic
cobalt present in sample D (0.77%, see below) is taken into
account then this figure would be slightly higher.)

In order to check this result, the following alternative
procedure was used. On comparing the pre-edge regions of
samples C and D (Fig. 2) it is evident that the pre-edge peak
assigned to tetrahedral Co(O)4 environments is obscured by
the dominating contribution from metallic cobalt in the former
(the position of the edge for cobalt metal being the same as
that for the pre-edge peak.) Consistent with the low-cobalt
metal content in sample D, the pre-edge peak in the spectrum
of that material can be discerned because it is only partially
merged into the metal edge. The spectrum of the nonmetallic
phase was separated from the observed spectrum by sub-
tracting the minor cobalt metal spectral contribution from the
spectrum of sample D. The appropriately weighted cobalt-
metal spectrum was obtained by multiplying the normalised
cobalt-metal spectrum by a series of factors and subtracting
each resulting spectrum from the actual spectrum of D untilFig. 6 Fourier transforms of sample A and sample D together with

those of the spinel reference compounds. a spectrum (and its derivative) was obtained which exhibited
a pre-edge peak that closely matched the same feature in
CoAl2O4.

A good match was generated by subtracting the cobalt-metalobtained using 5% hydrogen in helium (sample C ). An expla-
nation for this difference is sought in a mechanism that we spectrum weighted by the fraction 0.167 from the observed

composite spectrum. This corresponds to a metal content ofsuggest may be connected with the reduction of this catalyst.
Although the present results cannot establish this mechanism 0.77% cobalt for the 4.6% cobalt loading in sample D, the

low-cobalt catalyst. (The same procedure has been describedthe concentration of hydrogen must be the key factor here.
The background for the mechanism is provided by Hilmen recently in ref. 44.) Hence, the nonmetallic phase contributes

3.8% to the total cobalt loading of the catalysts. This can beet al.50 who used temperature programmed reduction and
gravimetry to show that cobalt is reoxidised in water-contain- rationalised in terms of the structure of c-alumina. The sup-
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port, c-Al2O3 , has a defect spinel structure in which not all of alumina lattice28 but the present study clearly excludes the
presence of CoAl2O4 in all of the reduced samples (B, C andthe cation sites are occupied, i.e. Al21Hh22IO32 , where h

designates vacant tetrahedral and octahedral sites.53 If cobalt D) (see Fig. 3 and 5) because the Co,Co distance in that
compound is considerably longer (2.83 Å).41 Instead, it isis distributed as Co() over the vacant tetrahedral sites in

alumina (one third of the total vacant sites) then this would evident that only a small fraction of the total cobalt contents
of samples B and C are randomly dispersed over vacantyield AlIII21HCoIIU~VO32 U~V , with the cobalt content being 4.5%, a

value which is close to that found (3.8%) in the nonmetallic tetrahedral sites of the alumina support. This conclusion
is supported by an X-ray diffraction study57 which alsophase.

Thus, the data for the high and low-cobalt loadings are shows that CoAl2O4 is not formed and additionally by the
observation28 that much higher calcination temperaturesconsistent with 3–4% cobalt being randomly dispersed over

vacant tetrahedral sites of the alumina support. Fig. 7 shows (>1200 °C) are needed to form CoAl2O4 from mixtures of
Co3O4 and Al2O3 .the EXAFS and the magnitude of the Fourier transform

together with the parameters obtained from the least-squares
refinement. The Co–O bond distance (1.96±0.01 Å) is typical Reduction at 200 °C
for tetrahedral coordinated cobalt(),44 a similar value is also

Huffman et al.33 reported that reduction of potassium-obtained for sample B (see above) and the pre-edge peak in
promoted Co3O4/Al2O3 at 200 °C yields cobalt-metal particlesthat material’s spectrum is consistent with some of the cobalt
in which the coordination numbers are less than those forbeing incorporated in the support in a similar manner.
bulk cobalt metal. On this basis they estimated the averageThe XANES spectrum and its derivative of the
particle size to be as small as 10–20 Å although they doubtedcobalt-incorporated support (designated sample D−Co and
this estimate noting that the actual size must be larger. Unlikeobtained by removing the cobalt metal component from the
the present work, no other cobalt-containing phase wasspectrum of sample D) are shown in Fig. 2 and 3. There are
detected. The present study also differs in another respect sincemarked similarities with the XANES of CoAl2O4 . Like the
it shows that the rhenium-promoted Co3O4/Al2O3 catalyst islatter the derivative spectrum is also consistent with a minor
not reduced at 200 °C even when reacted with hydrogen foramount of cobalt entering some of the vacant octahedral sites
as long as 13 h.of the bearer.44

It has been assumed that CoAl2O4 is the phase generated
when cobalt occupies the vacant tetrahedral positions of the The role of rhenium

In a temperature-programmed reduction (TPR) study of the
mechanism of rhenium promotion of alumina-supported
cobalt Fischer–Tropsch catalysts, Holmen et al.31 reported
that direct contact between rhenium and cobalt particles does
not appear to be necessary for promotion. It is suggested that
the mechanism by which rhenium promotes the reduction of
Co3O4 is by hydrogen spillover. (The influence that rhenium
exerts with regard to reduction and oxidation is mentioned
above.) They also reported that cobalt diffuses into the support
during the reduction and not during calcination which agrees
with our findings. The increased dispersion that they found
can account for the fact that the reduced rhenium-promoted
catalyst relative to the unpromoted catalyst is consistent with
the small particle sizes found in this XAS study.

Conclusion
XAS shows that high temperature reduction (450 °C ) by 100%
hydrogen of rhenium-promoted Co3O4/Al2O3 yields sample B
which contains highly dispersed cobalt in the form of small
(<40 Å) metal particles (Co–Co distance 2.49±0.01 Å)
together with a minor fraction of cobalt atoms that are
randomly spread over the tetrahedral vacancies of the alumina
support (Co(II )–O distance 1.92±0.01 Å). The contribution
to the XAS from this phase was isolated by reducing a catalyst
in which essentially all of the cobalt entered the alumina
support (sample D). These results are consistent with those of
Holmen et al.29–31 who found that the metal particles constitute

Fig. 7 (Top) k3-Weighted experimental and least-squares fitted 78% of the cobalt content. Also in agreement is the finding
EXAFS of sample D adjusted for 0.77% cobalt metal (see main text). that cobalt diffuses into the support during reduction and not
(Bottom) The magnitude of the Fourier transform (FT ). The solid during calcination and that this phase is resistant to reduction
line shows the experimental data and the broken line represents the at 450 °C and is not the spinel CoAl2O4 .calculated EXAFS with its corresponding FT using a single Co–O

A particularly interesting feature of the XANES of sampleshell. The final round of refinement yielded the following: distance
B is the 3–4 eV shift of the K-edge to higher energy relativeRCoMO=1.963(3) Å, coordination number N=3.2(2), and Debye–

Waller-like factor A=2s2=0.0010(9) Å2, and the refined correction to bulk cobalt metal. This, together with the reduced EXAFS
to the threshold energy E0=21.98 eV for an R-factor=54.3%. The amplitudes, is attributed to an enhanced dispersion of cobalt
standard deviation in the last significant digit as calculated by in the reduced material relative to the large bulk-like crystallites
EXCURV90 is given in parentheses. However, note that such estimates of Co3O4 the calcined product. This has been attributed toof precision (which reflect statistical errors in the fitting) overestimate

diminished shielding of the 1s electrons by the valence electronsthe accuracy. The estimated errors for distances are 0.01 Å at R<2.5 Å
which attends this heightened dispersion.35 The higher disper-with 20% accuracy for N and A, although the accuracy for these is

increased by refinements using k1 vs. k3 weighting.44 sion and smaller particle sizes in sample B expresses the

2538 J. Mater. Chem., 1998, 8(11), 2533–2539



23 C. Bai, S. Soled, K. Dwight and A. Wold, J. Solid State Chem.,positive effect that rhenium-promotion has on the reducibility
1991, 91, 148.of sample A.

24 M. J. Fay, A. Procter, D. P. Hoffmann, M. Houalla andNo difference was observed when graphite was mixed with D. M. Hercules, Appl. Spectrosc., 1992, 46, 345.
the catalyst instead of boron nitride. It is therefore clear that 25 E. A. Blekkan, H. Holmen and S. Vada, Acta Chem. Scand., 1993,
carbon does not play a role here in transforming the metal 47, 275.

26 M. Shirai, T. Inoue, H. Onishi, K. Asakura and Y. Iwasawa,from the hexagonal or face-centred cubic structures to the
J. Catal., 1994, 145, 159.metastable body-centred form (ref. 35 and refs. therein).

27 A. Kogelbauer, J. C. Weber and J. G. Goodwin, Catal. Lett., 1996,
34, 259.

28 P. G. Dimitrova and D. R. Mehandjiev, J. Catal., 1994, 145, 356.Support from the Nansen Foundation, the Norwegian
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