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Silica-supported cobalt catalysts have been investigated by soft
X-ray absorption techniques. Soft X-ray absorption spectra were
collected at the Co LII,III edge during in situ reduction of calcined
samples in a stream of hydrogen in the temperature range between
300 and 650◦C. Using reference compounds, the structural tran-
sition occurring on Co3O4 clusters to give CoO species was estab-
lished. Disappearance of the different features associated with Co2+

Oh symmetry was observed, probably due to disorder in the first co-
ordination sphere of the cobalt atoms. For the interpretation of the
spectra, numerical simulations based on the multiplet theory were
carried out. Through these experiments we demonstrate the advan-
tages of soft X-ray experiments in catalysis research involving 3d
metals. c© 2000 Academic Press

Key Words: XAS study; genesis of Co/SiO2 samples; reduction of
Co3O4 and amorphous CoO.
1. INTRODUCTION

The importance of cobalt-based catalysts in Fischer–
Tropsch synthesis (1) has recently increased as new
“gas-to-liquid” technologies such as the “Shell Middle
Distillate” technology (2) and the high-efficiency EXXON
process (3) have emerged. In addition to these processes, it
has been shown that cobalt is also active in CH4 conversion
to higher hydrocarbons (4, 5) and the isomerization of
hydrocarbons (6).

In order to prepare metallic cobalt particles with proper
activity and stability, the precursor containing Co2+ ions
must be reduced by H2 (7). Large Co3O4 particles are easy
to reduce completely to metallic Co0 (8), but below a par-
ticle size of 6 nm the reduction of cobalt oxide is difficult.
However, reducibility of Co2+ ions can be facilitated by
increasing metal loading (9) or by addition of noble met-
als such as Pt (10–12), Ir (13), Rh (14–16), Ru (17), or Pd
(18). In the case of NaY zeolite as support, the reducibility
of cobalt is difficult even in the presence of platinum and
ruthenium (19–24).

Enhancement in the reducible Co fraction facilitated by
addition of a second metal is also generally associated with
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modification of the surface structure and with synergistic
effect (25–28).

Although the reducibility of the ionic cobalt species was
clearly demonstrated from the experiments cited above,
the steps through which this process is progressing are not
known. Because the techniques related to synchrotron ra-
diation (X-ray absorption spectroscopy (XAS) (24, 29) or
anomalous wide angle X-ray scattering (AWAXS) (30))
have been employed for two decades to determine struc-
tural parameters of poorly ordered materials at the atomic
scale, these experimental techniques (30–33) can be utilised
for in situ studies performed on mono- or multimetallic sys-
tems supported on inorganic oxides (34–36). Thereby cor-
relation between the structure and catalytic activity can be
established (37, 38).

Most of these results were obtained by using photons
with energies around 10–20 KeV, corresponding either to
the K edge of 3d (39) and 4d transition metals or to the L
edge of 5d transition metals (40, 41). Since the energy range
allows in situ studies, experiments can be performed either
after (42) or during the chemical reaction (43).

Recent advances in theoretical background as well as in
instrumentation have motivated several studies dedicated
to the application of X-ray absorption spectroscopy at low
energy (44–46), i.e., at the K edge of light elements (47) or at
the L edge of 3d transition metals. For example, in the case
of mineral compounds the usefulness of 2p (LII,III) X-ray
absorption spectroscopy has been demonstrated (48).

In this paper we report soft X-ray absorption experi-
ments performed on supported cobalt catalysts. The ob-
jective is to show how fine spectral features at Co LIII

and Co LII edges can be employed to describe the elec-
tronic state of the cobalt metal. This new probe not only
allows us to recognise the valence states of 3d ions but also
provides site symmetry information. Soft X-ray absorption
spectra collected after in situ reduction under hydrogen at
different temperatures between 300 and 650◦C feature also
structural disorder in the first coordination sphere of the
cobalt.
6



XAS STUDY ON Co

2. EXPERIMENTAL

2.1. Catalyst Preparation

A silica-supported cobalt catalyst with 13 wt% cobalt
loading was studied. The samples were prepared by incip-
ient wetness on silica support type W.R. Grace, the spe-
cific surface area being 460 m2/g using aqueous solution of
Co(NO3)3 6H2O. The sample was dried for 2 h at 100◦C,
calcined for 3 h at 600◦C, and then characterised by XRD
(Cu Kα) and by classical X-ray absorption spectroscopy
at the Co K edge. Large clusters of Co3O4 (above 15 nm)
were detected by XRD. The sample was therefore named
“Co3O4”/SiO2. A part of this sample was reduced in a
stream of hydrogen (temperature ramp 2◦C/min to 450◦C
followed by an isothermal period of 2 h), then passivated
by slow exposure to air by allowing air to leak into the re-
action chamber overnight. Then the sample was saturated
with distilled water, dried again, and calcined at 600◦C for
4 h. This latter sample appeared amorphous in XRD studies
and was named α-Co/SiO2 (49). A phase close to Co2SiO4

was identified from the analysis of EXAFS oscillations be-
yond the cobalt K edge (8).

2.2. NEXAFS Experiments

Co L edge spectra were collected at the LURE syn-
chrotron facility in Orsay using the synchrotron radiation
from the SACO storage ring running at 800 MeV with an
average current of 300 mA and a lifetime of 10 h. The
beam line (SACEMOR) placed after a bending magnet
is equipped with a high-resolution Spherical Mirror-Plane
Grating Monochromator (S. M.-P. G. M. 12 m).

The monochromator resolution was about 0.15 eV
(FWHM) for the cobalt LIII edge. Beam dimensions were
about 0.5 mm× 0.2 mm at the sample, and the pressure in
the analyser chamber was directly related to the vacuum in
the synchrotron ring.

Powdered samples (10–20 mg) were mounted on a clean
sample holder plate, by allowing a drop of suspension of
the powder in acetone to dry on the sample holder, and
were oriented with the sample surface at 45◦ to the beam.
Soft X-ray absorption spectra have also been collected af-
ter a chemical treatment in an in situ furnace implemented
on the beam line. The samples were transferred into the
preparation chamber for heating in vacuum (1–2× 10−8 Pa)
or reduction in hydrogen (1× 10−4 Pa). More precisely, at
the beginning the pressure in the sample preparation cham-
ber is 10−8 Pa. Then, we introduce hydrogen while the vac-
uum devices are still working, so the pressure of the sample
preparation chamber increases up to 10−6 Pa. This value of
the pressure is maintained for 30 min.

The absorption spectra were recorded in total electron

yield mode and were corrected for beam intensity varia-
tions during measurements; the intensity of the beam was
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measured via the photoemission of a gold grid (50). Data
were normalised and calibrated as in previous work (45, 51).

3. RESULTS

3.1. Measurements of Reference Compounds
(CoO, Co2SiO4, and Co3O4)

The L edge spectra can be divided into two parts, LIII and
LII dominated by the respective 2p3/2 and 2p1/2 characters of
the core hole. In Fig. 1 the Co 2p X-ray absorption spectra
of the reference compounds, namely, CoO, Co2SiO4, and
Co3O4, are presented. Large variations of spectral features
are clearly visible in the fine structure at the edges.

(i) The spectrum of CoO is similar to that found in pre-
vious measurement (51). This reference material was ob-
tained from Co3O4 after heating at 500◦C for 10 h under high
vacuum. At this point it is important to note that the ground
state of this compound is described as a single configuration
of 3d7 character corresponding to a 4T1g ground term (8).

(ii) The Co LIII and Co LII edges in the spectra of CoO
and Co2SiO4 reference compounds are very similar. This
indicates that the valence states of the cobalt atoms as
well as the symmetries of the sites are the same, a result
in line with the crystallography. In both cases, Co2+ ions
FIG. 1. Normalised Co LIII,II edge spectra of Co3O4, CoO, and
Co2SiO4, as well as the “Co3O4”/SiO2 and α-Co/SiO2 catalysts.
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FIG. 2. Numerical simulations using the multiplet theory for cobalt.

are octahedrally coordinated to oxygen anions (N= 6, R
(Co–O)= 0.213 nm for CoO (8) and for Co2SiO4 there are
two slightly different oxygen positions N= 3.5, R=
0.208 nm; N= 2.5, R= 0.22 nm (8)).

(iii) Finally, for Co3O4 the spectrum is a combination of
Co2+ (Td) (N= 4, R= 0.191 nm) and Co3+ (Oh) (N= 6, R=
0.1956 nm) (8).

The recent advances in theoretical background related
to soft X-ray experiments have motivated a set of numeri-
cal simulations (52), shown in Fig. 2, corresponding to the
configurations of Co2+ Td, Co3+ Oh, and Co2+ Oh. These
calculations show the great sensitivity of 2p spectroscopy to
the valence state of the cobalt atoms as well as to the sym-
metry of the sites. In order to simulate the Co LIII,II spectra
of Co3O4, a simple linear combination of the components
can be used. Note that the exact position of these spectra
vs photon energy is not exactly determined from theory.

3.2. Catalysts in As-Received State
(“Co3O4”/SiO2 and α-Co/SiO2)

The Co LIII,II edges of the “Co3O4”/SiO2 catalyst are
shown in Fig. 1. This spectrum is consistent with our previ-
ous results obtained at the Co K edge, suggesting that this
cobalt-based catalyst contains large Co3O4 particles. The

Co LIII edge is very similar to the spectra obtained for the
Co3O4 reference compound. For this catalyst it is clear that
ET AL.

Co atoms are in both the Co2+ (Td) and the Co3+ (Oh) elec-
tronic state.

The Co LIII edge of the α-Co/SiO2 catalyst looks very
similar to that of Co2SiO4 (or CoO). Thus, cobalt atoms
are mainly in the Co2+ ionic state, the symmetry of the first
oxygen coordination sphere being octahedral. Neverthe-
less, the position of the LII energy clearly differs from that
of the Co LII edge in the reference compounds Co2SiO4

and CoO. In fact, the shape of this feature (a broadening to
the right side is observed) seems to indicate the presence
of some Co3O4 clusters.

3.3. In Situ Reduction of the α–Co/SiO2 Sample

The cobalt absorption spectra after in situ calcination and
then after in situ reduction in a stream of H2 at different tem-
peratures for the α-Co/SiO2 sample are plotted on Figs. 3
and 4 for the Co LIII and Co LII edges, respectively. An
increase in the temperature up to 350◦C under vacuum, is
sufficient to modify the Co LIII edge (Fig. 3). The features
assigned to the Co3O4 clusters disappear, probably due to
the formation of CoO-type clusters. After reduction under
H2 at 500◦C for 30 min the Co LIII edge has a similar shape
and position as those of the Co2SiO4 and CoO samples. A
FIG. 3. Evolution of the cobalt LIII edge during reduction under hy-
drogen at different temperatures for the α-Co/SiO2 catalyst.
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striking point is the lack of fine details in the Co LIII edge.
Unless the symmetry of the Co2+ ions is altered, one pos-
sible explanation for the loss of these features is a disorder
of the first coordination sphere around the cobalt atoms.

As far as the Co LII edge is concerned (Fig. 4), the first
transformation observed after heating the sample under
vacuum is well observed. The shift of the Co LII edge toward
lower energy is in line with the disappearance of Co3O4

clusters or more precisely with the disappearance of the
Co3+ Oh species. The reduction under hydrogen at 350◦C
and then at 500◦C does not significantly modify the position
or the shape of the Co LII edge. It seems that the Co LII edge
is less sensitive to structural changes than the Co LIII edge.

3.4. In Situ Reduction of the “Co3O4”/SiO2 Sample

In the “Co3O4”/SiO2 sample (Figs. 5 and 6), the first re-
duction under H2 at 300◦C seems to change the local order-
ing around the cobalt atoms. The fact that the amplitude of
the first feature increases indicates that a silicate or CoO
like phase may be formed. This modification continues un-
der the reduction at 500◦C, and finally, after reduction at
650◦C (30 min, H2), the phase transition is almost com-
pleted at the end of the process as indicated by the top
FIG. 4. Evolution of the cobalt LII edge during reduction under hy-
drogen at different temperatures for the α-Co/SiO2 catalyst.
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FIG. 5. Evolution of the cobalt LIII edge during reduction under hy-
drogen at different temperatures for the catalyst “Co3O4”/SiO2.

spectrum of Fig. 6. Even if the signal-to-noise ratio is poor,
we have to underline that in the case of this sample detailed
structure is observed at the Co LIII edge.

Finally, we have to underline that cobalt atoms are not
reduced at this temperature, and work is in progress to un-
derstand the influence of the low pressure (10−4 Pa H2) on
the reduction process.

4. DISCUSSION

The new approach demonstrated here clearly shows a
possibility offered by soft X-ray spectroscopy for the study
of real heterogeneous catalysts in powdered form. The re-
sults illustrate that during pretreatment (e.g., calcination,
reduction) of a sample important structural information can
be obtained regarding the disorder of the first coordination
sphere of the metal species deposited on a support.

The advantages and limitations of probing structural and
electronic states through the K and L edges of 3d transition
metals can be discussed through a comparison of the the-
oretical formalism associated with each absorption edge.

For the numerical simulation of the L edge, the theoret-
ical approach using multiplets is based on the evaluation
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FIG. 6. Evolution of the cobalt LII edge during reduction under hy-
drogen at different temperatures for the catalyst “Co3O4”/SiO2.

of dipole transitions, basically ignoring the details of the
electron scattering processes. Thus, the L-edge calculation
is quasi-atomic, only the symmetry breaking from atomic
to cubic or to octahedral, due to the neighbouring oxygen
atoms, is important and not the exact atomic positions. Also
note that a crucial extra ingredient with respect to multiple
scattering is the large overlap between the core and valence
wave functions.

In multiple scattering (K edge), the calculation is con-
cerned with the scattering of the emitted electron. Full
multiple scattering calculations can be performed using
the CONTINUUM (53) or the FEFF code (54), and both
methods are based on the same physics with two different
mathematical expressions. In the FEFF mode, the oscilla-
tions are expressed as a sum of different multiple scattering
contributions. Another difference comes from the lifetime
of the excited state. The high K-edge energy compared to
that of the L edge implies that detailed features at the edges

can best be observed in the case of a soft X-ray experiment,
while the shoulder generally measured at the K edge can
T AL.

be observed in fine details at the L edge. Thus, the data
analysis process can be more effective at the L edge.

We can also compare this soft X-ray approach to the
more conventional ELNES technique (Energy Loss Near
Edge Structure) (55). In a previous study the ELNES of a
set of reference oxides was used as a fingerprint (56). The
spectrum of Co3O4 illustrates one major limitation of this
electron-related technique. By increasing the number of
energy scans to improve the signal-to-noise ratio, the Co
LIII,II profile is modified through a reduction of part of the
Co3+ species.

The diffuse reflectance spectroscopy (DRS) (57) can also
be used to characterise catalysts since it is a simple and inex-
pensive method that can give the same sort of information.
Recently, a study of the local structure of molybdenum–
magnesium binary oxides by means of Mo LIII edge Xanes
and UV-vis spectroscopy has been performed (58). The re-
sults obtained by UV-vis spectra are in accordance with
that of the LIII XAFS study but not with the studies of
Mo K-edge XAFS and XRD. The authors concluded that
the information obtained by UV-vis spectra is more sen-
sitive to the surface structure than that of Mo K-edge
XAFS spectra. Recently, a comparison between UV-vis and
EXAFS has been done regarding the coordination of Ni2+

ions to lattice oxygen in calcined faujasite-type zeolites (59).
The authors point out the limitation of the DRS analy-
sis technique, which appears to be more sensitive to low-
symmetry species. More precisely, in hydrothermally syn-
thesised CoAPO-5 with cobalt content x< 2.5× 10−4, the
Co2+ ions surrounded by oxygen atoms are found to be in a
tetrahedral environment. For high cobalt loading, most of
the Co2+ ions are in extra-lattice positions (Oh), in contrast
to the results given by DRS, which indicate that Co2+ ions
are only in tetrahedral symmetry.

The analogy between UV-vis and XANES is obvious if
the role of the electron transition from the filled orbital to
the empty state around the central ions is concerned. The
differences between the techniques are as follows:

(i) By UV-vis the crystal field splitting of the electron
shell around the central ion can be directly measured within
a few eV.

(ii) In soft X-ray absorption the empty states in the energy
scale can be determined. The energy difference is in a range
100 times higher. Interference of the photoelectrons with
the next coordination sphere becomes important because
the wavelength of the photoelectrons is in the range of a few
nm. Diffraction makes the interpretation more difficult.

(iii) By the soft X-ray absorption spectra the genesis of
the transformation of Co3O4 to CoO can be followed and
the oxidation states and coordination can be simultaneously
determined.
Finally, regarding the data analysis process, we have
already pointed out that for nanometer-scale materials, it is



XAS STUDY ON Co

not possible to simulate the XANES part for K-edge with
a linear combination of the XANES of well-crystallised
reference compounds (60). In some particular cases, and
more precisely in the case of nanometer scale metallic
copper clusters, ab initio calculations have clearly pointed
out that a 13-atom environment is not enough to produce
all the features present at the K edge of the metallic copper
foil. Thus the XANES part can be used as a fingerprint of
the cluster size.

As has been remarked above, the L-edge calculations
are quasi-atomic. Thus, even in the case of nanometer-scale
materials and more generally poorly ordered compounds,
it is possible to simulate the XANES part of the Co L-
edge through a linear combination of the XANES of well-
crystallised reference compounds. This advantage is very
important because nanometer scale entities are at the core
of numerous chemical processes (61–65). The fact that such
a simple data analysis can be performed implies more sig-
nificant structural and electronic results. The interpretation
of the soft X-ray absorption spectra is easy if the reference
compounds are known, and the structure of the real sam-
ples can be fitted simply by addition of the spectra of the
two corresponding Co2+ and Co3+ (Oh) models.

In the case of our catalysts, soft X-ray experiments act as
a phase sensitive technique, the different details observed
at the Co LIII edge being used as a fingerprint of the differ-
ent phases included in the material. This is clearly the case
for α-Co/SiO2. If the Co LIII edge looks very similar to that
of Co2SiO4 (or CoO), the shape and the position of the Co
LII edge indicate the presence of Co3O4 clusters. Because
this approach can be applied to poorly ordered materials
whereas X-ray diffraction is dedicated to well-crystallized
compounds, it can be considered as a useful tool in hetero-
geneous catalysis research. Finally, the possibility of per-
forming in situ experiments enables a real improvement in
the knowledge of the structural evolution of the material in
reaction conditions.

5. CONCLUSION

In many research fields, including catalysis, advances in
theoretical background as well as in instrumentation have
transformed soft X-ray spectroscopy into a key research
tool. The theoretical results associated with a set of data
collected on a real catalysts, clearly show the importance of
2p (LIII,II) X-ray absorption spectroscopy as an element-
specific valence probe. This new approach provides site
symmetry information for each ion site.

The results obtained on reference compounds and sup-
ported catalysts show that fine details measured at the Co
LIII edge can be used as a fingerprint of the different phases
present in the material.
Moreover, the blurring of details in the Co LIII-edge ab-
sorption spectra gives an indication of structural disorder
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in the first coordination sphere of the cobalt atoms. Here,
we arrive at the limit of the theoretical formalism currently
used in the analysis of transition metal L-edge absorption.
The significant information gained from this particular re-
sult can be utilised to link structural characteristics to the
catalytic activity, in addition to being a challenge for theo-
retical physics.
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