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In situ EXAFS study of the bimetallic interaction
in a rhenium-promoted alumina-supported cobalt Fischer—Tropsch
catalyst
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The local environments about the rhenium atoms in a Co~Ré$ O3 catalyst after different reduction periods have been studied by
X-ray absorption spectroscopy (EXAFS). The bimetallic catalyst containing 4.6 wt% cobalt and 2 wt% rhenium has been compared with
a corresponding monometallic sample with 2 wt% rhenium on the same support. The rhegpi@XAFS analysis shows that bimetallic
particles are formed after reduction at 4%Dwith the average particle size being less than 15 A. More than 6 h reduction 2€480
required for complete reduction of accessible rhenium.
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1. Introduction metallic rhenium and a heavily reducible rhenium phase that
interacts strongly with the support [17]. Several studies of
The Fischer—Tropsch synthesis has received much attgimetallic reforming catalysts (Pt-Re) conclude that rhe-
tion as a possible route in the synthesis of clean diesglm and platinum form alloyed metal particles [18,19].
fuel from natural gas. The route involves production of Based on this information, we have uséd situ X-
syngas from methane, Fischer-Tropsch synthesis of heasty absorption spectroscopy to study the bimetallic interac-
waxes, and subsequent hydrocracking to clean middle din and the metal-support interaction in rhenium-promoted
tillates [1,2]. Cobalt-based bimetallic catalysts supported @obalt Fischer—Tropsch catalysts. Co—Ref@d catalysts
Al;03 [3-5] are often the preferred choice for the productiofor Fischer—Tropsch synthesis usually have high cobalt load-
of high molecular weight hydrocarbons from hydrogen-ricimg (10—20 wt%) and low rhenium loading (ca. 1 wt%). The
syngas [6]. This is due to the low water—gas shift activitg XAFS signal from the rhenium absorption edges is ham-
of cobalt compared to, e.g., iron. The promoting metal (rh@ered by absorption and scattering due to the large amount
nium, ruthenium, palladium or platinum) appears to improusf cobalt and from the support. Samples containing 4.6 wt%
the dispersion of cobalt and hence increase the numbercebalt and 2 wt% rhenium were used in order to minimise
active sites. The nature of the cobalt metal phases on diffeiis problem. The relatively high rhenium loading made it
ent supports has been extensively studied and is well estpbssible to perform the experiments in transmission mode.
lished [7-13]. We have previously shown that approximately 0.8 wt% of
Structural studies on the state of the promoters are, hogebalt in this sample is present as metallic cobalt [13]. The
ever, relatively scarce. Iglesia et al. [8] reported bimetatest, 3.8 wt%, is randomly distributed as Co(ll) in the vacant
lic interaction between ruthenium and cobalt in an EXAFSiites in the defect alumina spinel lattice. The contribution to
TEM study of bimetallic catalysts supported on 3iO the overall EXAFS signal from cobalt metal is not signifi-
Ruthenium was shown to be completely reduced and agant enough to yield information about any bimetallic inter-
ordinated to approximately twelve metal atoms. The cactions. In the present study, the nature of rhenium has been
ordination towards cobalt increased with increasing cadtudied for different reduction periods for rhenium-promoted
cination temperature. A recent study using EXAFS arischer—Tropsch synthesis catalysts supported on alumina.
XRD concluded that an alloy of palladium and cobalt is
formed on palladium-promoted cobalt catalysts supported
on graphite [14]. On the other hand, no clear evidence 8f Experimental
alloy formation has been reported for the Co—Piy cat- )
alyst system [15,16]. TPR studies of rhenium on alumirfal- Catalyst preparation

indicate that two rhenium phases are present on the surface; . .
P P Catalysts containing 4.6 wt% cobalt and 2 wt% rhenium

* To whom correspondence should be addressed. supported ory-Al,03 were prepared by incipient wetness
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coimpregnation of the support with aqueous solutions &XAFS function x (k) using theEXCALIB and EXBACK
Co(NG3)2:6H20 and HReQ. The catalysts were dried in programs [22]. Model fitting was carried out witBX-
air overnight at 120C and calcined for 2 h at 40C. A cat- CURV90 using curved-wave theory anab initio phase
alyst containing 2 wt% rhenium on the same support wasifts [22,23]. During the least squares fitting it is impor-

made using the same procedure. tant to minimise correlation effects between the parameters
that strongly affect the EXAFS amplitude and those that in-
2.2. XAS measurements fluence the frequency of the EXAFS oscillations. Therefore,

the EXAFS data were least squares fitted ispace using

Transmission XAS data were collected at the Swiss?- andk3-weighted data. Coupling betweeénh (multiplic-
Norwegian Beamline (SNBL) at the European Synchrotrdty) and 2-2 (Debye—Waller-type factors) was reduced by
Radiation Facility (ESRF), France. Spectra were obtainetioosing solutions common to both weighting schemes [24].
at the rhenium |y edge (10535 eV) using a channel-cuThe k2 weighting scheme compensates for the diminishing
Si(111) monochromator. Higher order harmonics were rghotoelectron wave at highérvalues. Lowk weighting
jected by means of a chromium-coated mirror angled ahhances the contribution from lighter backscattering atoms
3.5 mrad with respect to the beam to give a cut-off ersuch as oxygen, thereby allowing metal-supportinteractions
ergy of approximately 14 keV. The beam currents ranged be included in the analysis. By carrying out this procedure
from 130-200 mA at 6.0 GeV. The maximum resolutiolon appropriate reference compounds as well as for the un-
(AE/E) of the Si(111) bandpass is4lx 10~* using a beam known spectra, more accurate coordination numbers can be
of size 06 x 7.2 mm. lon chamber detectors with theirobtained than what otherwise is the case [19,25-27]. As an
gases at ambient temperature and pressure were usedifdication on the quality of the fit, the residual inde, (%)
measuring the intensities of the incideri)(and transmit- is defined as
ted (I;) X-rays. The detector gases were as follows:de- exp
tector length 17 cm, 100%4\ £, length 31 cm, 35% A, Sl = xP9KNT)2
65% Np. >l T PIWT)2

The amounts of material in the samples were calculated ) )
from element mass fractions and the absorption coefficienfsrhenium metal foil (0.0125 mm), Refand (NHy)ReQ
of the constituent elements [20] just above the absorptigoth the solid salt and an aqueous solution containing
edge to give an absorber optical thickness close to 1.5 480, ) were used as model compounds to check the validity
sorption lengths. The samples were ground and sievettheabinitio phase shifts and establish the general parame-
(7—-125um) and mixed with the requisite amount of borofers AFAC (amplitude reduction factor) and VPI (accounts
nitride to achieve the desired absorber thickness. The sdfi-inelastic scattering of the photoelectron) [22]. Due to the
ples were then loaded into a Lyilesitu reactor-cell [21] and lack of sufficient models for the Re—Co distances, the theo-
reduced in a mixture of pi(5%) in helium (purity 99.995%, retical phase shifts and amplitude factors for this backscat-
flow rate 60 ml/min) by heating at a rate of@/min from terer has not been checked. The validity of the parameters
room temperature to 45€ and maintaining that tempera_associated with the Re—Co contribution is therefore uncer-
ture for 1-12 h (see table 1). Four to eight scans were tak&in. Structural parameters of the reference compounds [28—
and summed for each sample. The energy calibration w3@] are listed in table 2.
checked by measuring the spectrum of a rhenium foil (thick-
ness 0.0125 mm) with the energy of the first inflection point
being defined as the edge energy. 3. Results

R, = x 100%

2.3 EXAFSdata analysis Figure 1 _compares the r_henium”LEXAFS sp(_actra of
the bimetallic catalyst for different reduction periods. The

The data were corrected for dark currents, converted Fg¢AFS spectra of the sample containing only rhenium on
k-space, summed and background subtracted to yield f@umina are shown in figure 2. The parameters obtained

Table 1 Table 2
Details concerning the Rejl. EXAFS analysis. Crystallographic data for the EXAFS model compounds used to

check the validity of theb initio phase shifts and backscattering

Sample Reduction period Datarange Quality &F fit amplitudes.

at450°C Ak (A1) (%)

Compound Model pair R2 NP Reference

4.6% Co—-2% Re/AlO3 Before reduction 3.5-11 131 A

4.6% Co—2% Re/AIO3 1lh 3.5-12 22.2

4.6% Co—-2% Re/AIO3 6h 3.5-12 20.0 Re foil Re-Re 2.74 12 [27]

4.6% Co—-2% Re/AIO3 12h 3.5-12 20.9 (NHz)ReQy Re-O 174 4 [28]

2% Re/AbO3 Before reduction ~ 3.5-12 11.9 ReG3 Re-O 1.87 6 [29]

2% Re/AbO3 6h 3.5-12 25.7

@|nteratomic distance.
2Defined in the text. b Coordination number (multiplicity).
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Figure 1. Re lyy EXAFS spectra (left) and the corresponding Fourier transforms (right) of the bimetallic catalyst containing 2 wt% Re and 4.6 wt% Co
on Al,O3: (a) before reduction, (b) reduced for 1 h at 480 (c) reduced for 6 h at 45 and (d) reduced for 12 h at 48Q. The spectra are Fourier
filtered using a wide window of 1.0-25.0 A (i.e., no noise removal). Experiment is shown in solid line<) inith dotted lines.

from the EXAFS analysis are summarised in table 3 for thmordination is reduced from 4.0 to 3.4 after reduction for
bimetallic catalyst and in table 4 for the monometallic court h, no metal-metal coordination could be detected at this
terpart. stage.

Before reduction, the EXAFS from both the bimetallic For the samples reduced 6 and 12 h, four shells had to
(Co—Re/AbO3) and the monometallic (Re/AD3) samples be included in the model to give acceptable agreement with
are modelled by a single Re—O coordination shell only. Thke experimental data. The EXAFS of the bimetallic cata-
coordination numbers and interatomic distances are identibadt contains contributions from two Re—O distances and two
to that of ReQ . This is also the case for the bimetallic catRe—-metal distances. The two Re-O contributions arise from
alyst sample reduced for 1 h at 48D. Although the Re—O interaction with oxygen in the support and from unreduced
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Figure 2. Re lyy EXAFS spectra (left) and the corresponding Fourier transforms (right) of the bimetallic catalyst containing 2 wt% Regir(#)lbefore
reduction and (b) reduced for 6 h at 48D. The spectra are Fourier filtered using a wide window of 1.0-25.0 A (i.e., no noise removal). Experiment is
shown in solid lines, ané® fit in dotted lines.

Table 3 Table 4
Results from the EXAFS analysis of data from the Rg edge of the sam- Results from the EXAFS analysis of data from the Rg &dge of the sam-
ple containing 4.6% Co—2% Re/#D3.2 ple containing 2% Re/Al03.2
Reduction at  Coordination  Eg N 202 R Reduction at  Coordination  Eg N 202 R
450°C shell (eV) ) A 450°C shell (eV) 03] A
No reduction ~ Re-O 15.1(2) 4.0(1) 0.006(1) 1.74(1Noreduction Re-O 16.433) 4 0.003(0) 1.74(1)
1h Re-O 15.1(3) 3.4(1) 0.006(1) 1.74(1) 6h Re-O 18.7(4) 0.6(1) 0.004(0) 1.74(1)
6h Re-O 13.0(3) 0.7(1) 0.003(1) 1.74(1) Re—Qupport 2.4(2) 0.017(2) 1.98(1)
Re—-Qupport 1.7(2) 0.020(2) 2.00(1) Re-Re 5.1(2) 0.035(4) 2.67(2)
Re—Co 2.1(2) 0.022(2) 2.53(2) Re-Re 3.0(2) 0.030(3) 3.65(2)
Re-Re 2.4(3) 0.016(2) 2.71(2)
12 h Re-O 13.3(3) 0.2(1) 0.002(0) 1.76(1)%See footnote to table 3.
Re—-Qupport 1.4(1) 0.018(2) 1.99(1)
Re-Co 3.2(1) 0.024(2) 2.54(1) 4. Discussion
Re-Re 4.0(3) 0.024(2) 2.69(1)

agach bonding distancer] is associated with a coordination numba)( Rhenium in the unreduced catalysts and in the bimetallic
and thermal vibration and static disorder (Debye—Waller-like factof)2 catalyst reduced for 1 h at 48Q is clearly present as Rg_O

Eg is the refined correction to the threshold energy of the absorptigh small fraction of the rhenium in the samples reduced for

edge. The standard deviation in the least significant digit as calculated py; - i Vi -y
EXCURVQ0 is given in parentheses. However, note that such estimat§sh is still in the Re oxidised state represented by the

of precision (which reflect statistical errors in the fitting) overestimatgze_O distance at 1.74 A. The Ré€' oxide contribution is

the accuracy, particularly in cases of high correlation between paranté€gligible in the catalyst reduced for 12 h at 48D The
ters. The estimated standard deviations for the distances are 0.01-0.0R&—O distance is slightly longer for this sample (1.76 A), in-
with £20% accuracy fow and . Although the accuracy for these is gicating that the rhenium atoms in the oxide may be partially
increased by refinements usﬂa@]vs.k weighting [24]. reduced to a lower oxidation state.

The EXAFS results confirm that bimetallic particles are
rhenium (present as rhenium oxide). The Re—metal interdormed in the catalyst. The metal particles in the catalyst
tions are best modelled by including both rhenium and cobadtduced for 6 h at 45TC contain on average approximately
contributions. A significant contribution from a second rhe50% cobalt and 50% rhenium (coordination numbers 2.1 and
nium shell is detected in the spectrum from the ReD&l 2.4, respectively). When reduced for 12 h, the Re—Re coor-
sample that is reduced for 6 h. The second Re—Re contrildination is raised to 4.0 and the cobalt coordination to 3.2.
tion is therefore included in the fit. Higher coordination numbers are evidence of larger metal
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particles, indicating that sintering takes place during pra@ontributions is large enough to be detected in the overall
longed reduction periods. This is also reflected in the rhepectra.
nium enrichment of the particles in the sample reduced for The Re—Re distances in the reduced samples are found
12 h. In contrast, the Fischer—Tropsch catalyst containitg be ca. 2.70 A. This is shorter than the Re-Re distances
0.14 wt% ruthenium and 11.6 wt% cobalt on Bi{8] con- in bulk rhenium metal (2.74 A). From the EXAFS analysis,
tained particles where ruthenium was coordinated to apprdke Re—Co distances are determined to be ca. 2.54 A. This
imately twelve metal atoms after reduction. The large difs slightly longer than the Co—Co distances found in bulk
ference in size between rhenium and ruthenium particlesdebalt metal (2.49 A) [13] and considerably shorter than the
most likely due to the easier reducibility of ruthenium comRe—Re distances. Note, however, the uncertain reliability
pared to rhenium. of the Re—Co interaction since no appropriate model com-
We have previously shown that the amount of unreducedund was available to check the validity of the calculated
cobalt in the catalyst constitutes 3—4 wt% of the sample mphase shifts. Contractions of interatomic distances in metal
terial [13]. This fraction of cobalt atoms diffuses into the vaelusters have been reported earlier as an indication of small
cant sites in the defect spinel lattice of the alumina suppopiarticles [13,34,35]. Based on the observed average coordi-
In the same study, we also showed that the remaining cobation numbers [34] and the contracted Re—Re distances, we
is reduced to metal already after 15 min. The metal-suppernclude that the average particle sizes are less than 15 A for
interaction is, in the present study, shown to be significatite reduced samples.
for rhenium as well. The monometallic sample (table 4) ex-
hibits a pronounced Re—0 interaction at ca. 2.0 A which is _
associated with the interaction between rhenium and oxy- Conclusion
gen in the support material [19]. The metal-support inter-

action is weaker in the bimetallic catalyst (table 3) which is X-ray a_bsorp_hon she ctros_copy of th_e R.m labsorption
. S edge confirms bimetallic particle formation in Co—Re/B%
reflected in lower Re—Qypportcoordination numbers than for

: . .catalysts after reduction at 45C. The metal particles in
the monometallic sample. This may be due to the alumina . .

X . . . the sample with 4.6 wt% cobalt and 2 wt% rhenium con-
spinel lattice being saturated with cobalt [13] and therefongaIin approximately equal amounts of the two elements when
not so easily accessible by rhenium atoms.

reduced for 6 h. The average particle size is less than 15 A.

The results presented in table 3 show that rhenium is . A . X
reduced after 1 h at 45C. Even after reduction for 6 hr]%ductlon for 12 h causes sintering of the particles, forming

about 20% of the rhenium is present as rhenium oxide. é)rzl_rger particles of different composition. The rhenium metal

. . . . articles in Re/AlO3 are of the same size as the bimetallic
tending the reduction period to 12 h results in almost corg-‘ AlOs

plete reduction of the rhenium oxide, except for the rheniu articles in the Co-Re/AD3 sample.

. . . The monometallic sample exhibits stronger metal-sup-
pha;e that s closely bound to. the support. It is believed t rt interactions than the bimetallic sample. Cobalt atoms
rhenium promotes the reduction of cobalt [31,32]. Ourr

sults are consistent with this suggestion since rhenium is ra_nd(_)mly distributed over the vacant tetrahedral sites in the

. . Sumina support partially obstruct rhenium atoms from ac-
duced at a later stage than cobalt in the reduction SequerEC§Ssing these sites. Rhenium is not reduced after 1 h of hy-
This is confirmed by the presence of bimetallic particles i rogen exposure at.4503 The reduction of rhenium there-
the catalyst, which may be formed by mobile rhenium oxidg) .

. . . . re occurs subsequent to the reduction of cobalt. After 6 h
species migrating over the surface. The mobility allows fqr duction, ca. 80% of the rhenium is completely reduced in

intimate contact with cobalt and hence formation of alloyefﬁe monometallic sample as well as in the bimetallic coun-
pa;\'uch.est. i b tion is that cobalt d i terpart, suggesting that the reduction of rhenium is not catal-
¢ nt 'ln eretilng 3 stgrva |]?nh|s ha .cotha 0€s Not SEqR g by cobalt. Further reduction of the bimetallic catalyst
0 catalyse the reduction of rhénium in the same mannerg h) leads to the complete reduction of rhenium, except for

observed for the reduction of rhenium in platinum—-rheniu : . .
S e rhenium phase that interacts strongly with the support.
catalysts [18,33]. The amount of reduced rhenium is practi- P oy PP

cally the same in the monometallic and the bimetallic sam-

ples. Furthermore, the metal particles seem to be of the safnowledgement

size in the monometallic sample as in the bimetallic. Both

samples have first-shell Re—metal coordination close to 5.0.The authors thank the Research Council of Norway for
The introduction of cobalt does, however, seem to alter tisgpport and acknowledge the staff at the Swiss—Norwegian
morphology of the metal particles, since a second Re—mel#am Lines (SNBL) at the ESRF for their assistance (Ex-
coordination sphere can only be detected in the monometagriment No. 01-01-97).

lic sample. The second-shell contribution is found at 3.65 A

and contains an average of three rhenium atoms (see table 4).

This contribution is absent in the bimetallic catalyst. This [§ferences
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