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Supported tri-iron dodecacarbonyl has been prepared by a novel method, precipitating the cluster
on alumina without any pretreatment. The precipitated Fey(CO),,/ Al,O; retains a molecular structure
similar to that of its parent compound as demonstrated by Fe K-edge XANES (X-ray absorption
near-edge structure) and infrared results. After decarbonylation under very mild conditions (310
K in vacuum), the Fe/Al,O; obtained exhibits a good catalytic selectivity for lower olefins in the
hydrogenation of carbon monoxide. K-edge EXAFS (extended X-ray absorption fine structure)
analyses of the fresh catalyst and the used catalyst suggest that the active site on the surface is
an ensemble of three iron atoms with one short Fe—Fe bond of 2.52 + 0.05 A and two longer
Fe-Fe bonds of 2.74 = 0.04 A. However, the aggregation of these Fe, groups to particles over 10
A in size brings about a short lifetime and poor selectivity for the catalyst. The aggregated particles
are still two-dimensional, consisting of at least three iron trimers in which the interatomic distance
for each trimer of iron on the average is 2.48 = (.08 A, and the nearest interatomic distance

between two trimers is 2.83 = 0.03 A.

I. INTRODUCTION

The use of tri-iron dodecacarbonyl as the
precursor for preparing a metallic iron cata-
lyst has proved to be very successful for
hydrogenation of CO to lower olefins (/, 2).
However, neither the preparation of sup-
ported clusters for this system nor the char-
acterization of fine particles on the surface
derived therefrom have received sufficient
attention. In general, it may be assumed that
the equilibria between metallic particles and
carbonyl clusters in such systems are re-
versible under certain conditions, and in-
sight into some aspects of the catalytic
mechanism on the surface may be gained
by studying either the precursor of the cata-
lyst or its derivatives (3). Characterization
of both the structure and the surface chemis-
try of the supported cluster is required for
this purpose. However, it is very difficult
to reach the point that the direct evidence

€ 1993 Acudemic Press, Inc.

obtained is completely satisfactory. This is
brought about by the following reasons. (i)
The most widely used technique in the prep-
aration of supported iron clusters begins
with impregnating the oxide supports with
a solution of Fe,(CO),,. Such a procedure is
easy in operation, but the product obtained
strongly depends upon the pretreatment of
the supports because of cluster—support in-
teractions. For example, impregnation of
ALO, with Fey(CO),, cannot produce
Fe4(CO),5/AlL,O; unless 0.2 M HCl is added
or Fe loading exceeds 2 wt% (4). The
cluster~support interaction that occurs im-
mediately during the experiment not only
limits the observation, but also causes a
poor reproducibility in the preparation of
highly dispersed catalyst. Therefore, it is
difficult to judge whether the different re-
sults observed are due to the difference in
preparation or not. (ii) Cluster-derived iron
catalysts exhibit relatively high selectivity
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for lower olefins in CO hydrogenation, but
the life of the catalyst is usually short (/).
Although the aggregation to particles over
10 A is thought to cause poor selectivity,
well-defined structural evidence from the
support surface is still lacking because of the
technical difficulties in the characterization
involved.

Preparation of the supported cluster by
impregnation is generally not satisfactory,
especially when high dispersion is desired
and acidic oxides are used (5). A convenient
and superior method of directly precipitat-
ing Fe,(CO),, onto y-Al,O; with an aqueous
solution of the intermediate obtained from
a conventional synthetic route of Fe{(CO),,
(6) is presented in this work. By this
method, the metal loading can be controlled
quantitatively by varying the concentration
of the intermediate solution at the initial
stage of the process. Based upon the sig-
nificantly improved reproducibility, the
work presented here focuses on the relation-
ship between carbonyl clusters and highly
dispersed iron particles on the surface. The
recent development in the theoretical calcu-
lation of EXAFS (extended X-ray absorp-
tion fine structure), FEFF code (7, §8),
allows us to determine these extremely
small units in detail with good accuracy.

1. EXPERIMENTAL
Preparation of Iron Carbonyl

Fe,(CO),, was prepared by the literature
method (6), identified by IR spectra, and
maintained in a flask under an inert atmo-
sphere. The Fe,(CO), studied here was un-
purified in line with the precipitated
Fe;(CO);; in the supported samples pre-
pared as described below.

Preparation of Fe(CO),,/y-Al,O;
by Precipitation

All the operations were carried out under
the protection of nitrogen.

Preparation of the intermediate solution.
To 11 ml Fe(CO); (industrial grade) in 45 ml
of dry CH,0OH, 11 g NaOH in 25 m! of dis-
tilled water was added. The mixture was
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stirred for about 30 min, then 32 mi of satu-
rated NH,CI solution was added dropwise.
A freshly prepared MnO, suspension (17 g
KMnO,/75 ml H,0 + 25 ml 95% C,HOH)
was added, stirred for about 2 h, then 10 g
FeSO, - 7TH,0 in 60 ml 4 M H,SO, was added
carefully. The settled solution maintained
under nitrogen, the color of which had
changed to purplish red, was used as the
intermediate. The concentration of the clear
intermediate solution was calculated to be
0.013 g Fe/ml based on the yield.

Preparation of Fey(CO),,/y-AlLO;. The
y-alumina (industrial grade, 0.707 g/ml,
Wenzhou Chemical Industry) was unpre-
treated but purged by purified N,. The BET
surface was 160—170 m?/g. The average pore
diameters were in the range 30-50 A. The
typical preparation of 1.1 wt% Fe loading
supported cluster was as follows. Under the
protection of nitrogen, 6 M HC] was added
to 3 ml of the above purplish red, clear inter-
mediate solution until pH 2-3, at which
point the solution was still clear and no pre-
cipitation was found on the flask wall. The
5 ml Al,O, (particle size 40-60 um) was im-
pregnated by the intermediate solution for
about 30 min, then washed in 5 ml of 0.2
M HCI. The color changed to pale green
immediately. After decanting the remaining
liquid phase, the sample was washed in 0.3
M K,CO; until pH 8 in the filtrate and dried
in vacuum at 300 K for 10 h. Several samples
of Fe;(CO)»/AlLO; with different metal
loadings were prepared by controlling the
concentration of HCI prior to impregnating
the alumina. All samples were checked by
Mn K-edge EXAFS to ensure that no man-
ganese remained on the surface.

Spectral Measurement

Infrared spectra were recorded on a Fou-
rier Transform Nicolet 10DX spectrometer
using a Nujol mull for pure Fe,(CO),, and
pressed disks for Fe,(CO),,/Al,0;.

X-ray absorption spectra were obtained
using the BL-10B and BL-7C facilities at
the Photon Factory (Tsukuba, Japan) with
a positron beam energy of 2.5 GeV and an
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average stored current of 250 mA. Data for
pure carbonyl were collected on the BL-10B
experimental station with a Si(311) channel-
cut monochromator in transmission mode
using ion chambers with N, and Ar fill gas,
and supported samples were measured on
the BL-7C station with a Si(111) double-
crystal (sagittal focusing) monochromator
in fluorescence mode. Spectra were re-
corded in four energy regions about the Fe
K-edge, —100 to —30 eV in 15-eV steps,
—30to 70 eV in 0.5-eV steps, 70 to 700 eV
in 4-eV steps, and above 700 eV in 8-eV
steps. The signal was integrated for 4 s at
each point. The energy calibration was set
as 7111.0 eV at the Fe foil 3d near-edge
feature. Fe,(CO),,/Al,O; was measured in
both modes to calibrate the edge positions.
In the transmission mode, a specimen of
pure carbonyl maintained under N, was
made by simply applying the powders (<30
um) on Scotch tape. About six layers of
tape were used to fabricate samples with
Aux of 1.2, where u is the linear absorption
coefficient and x is the sample thickness.
Specimens of supported samples main-
tained under N, were made by powdering,
then pressing into discs. A thickness of
about 1.5 mm was used to fabricate samples
with Aux of 0.3. In the fluorescence mode,
specimens also maintained under N, were
made by directly applying the fine powders
on the tape. All specimens were prepared
inside a glove box kept under an atmosphere
of nitrogen, sealed by the tape, then mea-
sured immediately.

Data Analysis

The data was processed on a SUN386/P9
microcomputer with the Program Library
for EXAFS Data Processing written by the
Institute of Physics, Chinese Academy of
Sciences. The photon energy of the raw data
was converted to the photoelectron wave
vector &, the background was subtracted by
fitting and extrapolating the pre-edge region
(—50 to —20 eV) by Victoreen’s formula.
The XANES (X-ray absorption near-edge
structure) data were normalized within 70
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eV (20 to 50 ev) about the edge to give
an absorption jump of 1.0. The E; was taken
at the maximum in the first derivative of
the Fe 3d feature. The EXAFS data were
normalized by a smooth spline u,, deter-
mined by a cubic spline fit from the contin-
uum above the edge to about 900 eV. The
EXAFS oscillation x(k) was determined by
x(k) = (it — po) pg. The k*x(k) was Fourier
transformed into r-space by a Hanning win-
dow function. The first point transformed,
K in» Was chosen at the minimum behind the
multiple scattering peak, which appeared in
the XANES region, and the last point, &,
finally determined by the number of fit
parameters N, Ny, < 24kAR/7 (9), in
which Ak = k., — kynand AR = R, —
R 1s the width of the Hanning window in
r-space. The procedures were checked sev-
eral times with different spline parameters
and within different k-space, generally re-
produced in the range & = 3.5 to 12.0 to
make sure that the Fourier transforms ob-
tained for each sample had uniform spectral
features.

The Fourier transform containing all the
significant peaks was then filtered into
k-space between R, and R, (generally
about 0.7 and 3.0, respectively), by which
the peaks of interest were perfectly resolved
from the remainders. Thus, the experimen-
tal EXAFS data xg(k) were obtained. A
least-squares curve-fitting procedure then
was performed to calculate the parameters
for each shell using theoretically calculated
components determined by the Program
FEFF3.25 developed by ProfessorJ. J. Rehr
and his colleagues at the University of
Washington with their permission. The
structural parameters (coordination num-
ber, CN; shell radius, R in angstrom; De-
bye—-Waller factor DW in angstrom squared)
with which the program was started referred
to the single-crystal values. They were cor-
rected repeatedly until they were identical
to the fitting parameters. The reduction fac-
tor used, S, is 1.1. The best fit of fitting
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curve xp(k) to xg(k) was first chosen by an
R-factor,
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(xy{k) — XE(k))2
XE(/")2

then was transformed into r-space weighted
by k” within the same range to give a fit
of the Fourier transform. Comparing the fit
with the Fourier transform by much the
same spectral features gives an opportunity
to further check the R-factor aad to finally
determine the best fit of k’x (k). These proce-
dures have a distinct advantage in avoiding
the doubtful explanation of EXAFS derived
data especially in the case that many vari-
ables, about 13 in total, are involved in the
unknown systems. The EXAFS derived
data were also checked by and compared
with the fitting result of £3x(k) filtered from
the first peak appearing on the Fourier
transform.

The parameter error estimates were cal-
culated by the recommended method (/0).
The correlations between the variables were
estimated by the standard method (//).

R:

k]

11I. RESULTS AND DISCUSSION

Formation of Fey(CO)\»/AlLO, by precipi-
tation. The preferred methods (72} of prepa-
ration of Fe{(CO),, involve the oxidation of
HFe,(CO),; by strong acid, or the oxidation
of HFe(CO),; by MnO, (/2). In the latter
case (6), the direct product is not Fe,(CO),»
but a mixed intermediate. When the mixture
is settled for a while before pouring, a rosy
colored solution is obtained. Then Fe (CO),,
can be precipitated immediately when 9 M
H,S0, is added to the solution, i.e.,

after

settling

solution ——» Fe,(CO),,,
+ 3Mn*" + 9OH~. (1)

The preparation of Fe;(CO),./ALO; by
precipitation begins with impregnating
Al,Q, with the rosy colored solution. After
0.2 M HCI was added, the rosy colored
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Fe K—edge

c Fe;(CO),;

Fes(CO)12/Al20s

-20 60
E/eV

FiG. 1. Fe K-edge XANES spectra of Fe,(CO},, and
Fex‘CO)ll/Al:O;A

ALLO; when impregnated to saturation
changed to green immediately. A similar
phenomenon has been observed previously
when aqueous HCl was added to HFe;
(CO)i/ALO, (/3). It is visual evidence for
the formation of Fe;(CO),; on the surface.

The supported samples have the charac-
teristic green color of the parent cluster.
The freshly prepared samples show infrared
absorptions at 2107(w), 2048(s), 2018s(hr).
1998(sh), and 1825(m)cm !, similar to those
for the unpurified Fe(CO),, (2108(sh),
2048(s), 2013s(br), 1984(sh), 1856(sh), and
1825(m) cm™') obtained in our laboratory.
The Fe;(CO),, precipitated on alumina can
be extracted from the surface by hexane to
give a green solution identified as the parent
compound from its infrared spectrum. It
provides evidence that the precipitated
Fe;(CO),, is not strongly adsorbed.

Fe K-edge XANES results show that al-
most all the pre-edge and edge features of
Fe,(CO),, are maintained in the spectrum of
Fe,(CO),./AlL,O;, as shown in Fig. 1. It is



664 KOU ET AL.
70
® . 2
5 g R
=
8
E
w
=
g
=
40 . o s
2150 2000 1850 1700 1550

Wavenu mber(cm'] )

F1G. 2. Infrared spectr.um of CO adsorbed on Fe/AlLO;.

found, however, that peak B is reduced in
intensity and that the energy difference be-
tween peaks C and D has decreased. In
Fe,;(CO),,, only the iron atom unbridged by
the carbonyls is exactly six-coordinated.
The local symmetry of the other two irons
can be described approximately as distorted
octahedral. In this case (/4), the 1s to 34
transition is weakly allowed, accompanied
by the back-donation of the d charge, giving
a peak A in the pre-edge region. The 4s to
3d electron transfer generates partly vacant
4s orbitals and causes a significant peak B
due to the transition of 1s to 4s character.
The 1s to 4p transition gives the maximum
in the spectrum, peak C. Peak D is a unique
feature of carbonyls, in which the colinear
M~C-0 array (M, metal atom) exists, Simi-
lar multiple scattering features were ob-
served in Fe(ICN), and Fe(IIIXCN), (/5)
and in Co(CN)* (/6).

The dispersion process by which the clus-
ter interacts with the surface requires the
participation of 4s electrons to strengthen
the Fe-Fe bonds, and therefore the inten-
sity of peak B in the spectrum of Fe,(CO),,/
Al O, is decreased. As a consequence, the
Fe—C bonds are weakened and lengthened,
as suggested by the shift of the multiple scat-
tering peak D to lower energy (/5). In com-
parison with its parent compound, the en-
ergy distance between the threshold E; and
peak D is decreased by 3.1 eV. The more

distorted site symmetry is also indicated by
the weakened intensity of peak D.

Fe (CO),,/AlL,O; was easy to decarbony-
late. The decarbonylation could occur either
under very mild conditions or spontane-
ously under a nitrogen atmosphere.

Fe4(CO),»/ALLO; is not sensitive to air but
is very sensitive to temperature. After treat-
ing in vacuum up to 310 K, a rapid decolora-
tion occurs. First, the color changes to rose
and bright yellow, then to white. The white
sample, in which no infrared absorption
band due to a carbonyl group was found,
seems to be the ‘‘final”’ product obtained
from the treatment. When it was treated by
continuously raising the temperature, no
further color change was observed. This
shows that the decoloration in fact is a de-
carbonylation process that may indicate the
formation of highly dispersed iron on
alumina.

An attempt to maintain the rosy colored
intermediate was unsuccessful because of
its very poor stability. An in situ infrared
study was therefore undertaken.

Maintaining the white sample in CO atmo-
sphere for a few days gives a yellow product
and causes the reappearance of three very
weak infrared absorption bands centered at
2047, 2014, and 1549 cm~!, shown in Fig.
2. Both the white and the yellow product
are quite stable under N,, show no color
change within 10 min on exposure to air,
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TABLE 1

Catalytic Activity of Fe/Al,O, Prepared from
Fe(CO},;y/ AlO, Pretreated under Different Conditions

No. Fe (wt%}) Selectivity to  Catalytic ~ Washed by
light olefins activity K,CO,
(mol%)

K1 0.17 None No

K2 0.35 None No

K6 0.70 20.0 Low No

K9 0.70 77.6 High Yes

K7 0.90 66.0 High Yes

Kil 0.90 68.5 High Yes

K13 1.20 88.1 High Yes

Ki2 1.50 20.0 High Yes
Note. Reaction conditions: 2.0-MPa syngas (CO:H, = 1:2).

473 K. fixed-bed reactor with an in site GC analyzer,
GHSV = 600-1000 h '

but change to a pink-red mixture after a few
hours, which might be caused by the forma-
tion of iron oxides.

Selectivity of Fe/ALOy in the catalytic hy-
drogenation of CO. The results from Table
1 show that the high selectivity of Fe/Al,O,
to produce light olefins in the hydrogenation
of CO appears in the range 0.7 to 1.2 wt%
Fe. Although a high selectivity was reached,
the so-called “‘short-life’” problem was still
present. For example, after about 2 h, the
selectivity of K9 to produce light olefins de-
creased to 36%, and the conversion was
only about 30% of that observed initially. It
was also found that reducing the catalysts
after use under flowing hydrogen at 520 K
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was not effective for recovering its selectiv-
ity and activity.

Comparing the activity and the selectivity
of supported metallic Fe/Al,O, catalysts
with those of supported clusters, we note
that both exhibit much the same catalytic
behavior. When exposing the working cata-
lysts to air at 420 K, both exhibit a similar
visible color change from white to pale blue
or brown within a few seconds caused by
the oxidation of iron particles (/7).

Surface stricture of Fe/ALO; determined
by EXAFS. In order to probe the possible
reason for the short-life problem, freshly
prepared catalyst Fe/Al,O,(K7) was chosen
to compare its surface structure with that of
the K7 used for EXAFS analysis. Fe;(CO),,
was used as a standard sample for calibrat-
ing the fitting parameters in this work. A
single-crystal analysis demonstrated that
Fe;(CO),, (I18) has an iron core that is an
1sosceles triangle, in which there is a short
Fe-Fe bond of length 2.558 A bridged by
two carbonyls, while the longer Fe-Fe
bonds unbridged by carbonyl are 2.680 A.
On average, each iron atom is coordinated
by 3.3 terminal carbon atoms (C,) and 1.3
bridging carbons (C,). An average Fe-C,
bond is 1.82 A and Fe-C, is 2.05 A. K-
edge EXAFS of solid Fe;(CO),, was also
investigated by theoretical fitting with
EXCURYV (/9), but the average Fe~C bond
obtained was only about 1.81 A, much
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from 0.7 to 1.92 on the Fourier transform.
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shorter than the average value 1.89 A based
on a single-crystal study. It can be found
from the Fourier transform of the Fe K-edge
EXAFS of Fe;(CO),; shown in Fig. 3 that
the Fe—C shell ranging from 0.7 to 1.92 A
contributes a peak well separated from the
others. Fitting the filtered oscillation with
two shells of Fe-C, and Fe-C, by the use
of a S} factor as 1.1 gives, as shown in Fig.
3, the satisfactory results listed in Table 2.

The spectra of Fig. 4 show that, for the
Fourier transforms, the freshly prepared
catalyst K7 and the K7 after use exhibit the
same feature in the first peak, but a pro-
nounced difference in the second and/or
third peaks. The change in position of the
second peak is noteworthy, and the second
peak in the spectrum of K7 with a relatively
high intensity seems to divide into two peaks
in the spectrum for K7 after use. The calcu-
lated parameters, obtained by fitting the
EXAFS data in k-space shown in Fig. 4,
are listed in Table 3. To make sure that the
differences found above are real and can be
obtained reproducibly, two freshly prepared
samples with different metal loadings were
further investigated. The EXAFS parame-
ters derived for these samples are also
shown in Table 3, and they can be seen to
be very reproducible.

Based on the EXAFS derived parame-
ters, the surface structure of the freshly pre-
pared catalyst can be described as follows.
Each iron atom is surrounded by three oxy-
gen atoms provided by alumina, and each
one is bonded by one nearest iron atom with

TABLE 2

Fe K-Edge EXAFS-Derived Coordination Number
(CN), Shell Radius (R), Debye—Waller Factor (DW)
for the Fe—C Bonds in Fey(CO),, Unpurified

Shell Crystal (CN/R} (18) CN R(A) DW  R-factor
Fe-C, 3.3/1.82(2) 35 1831y 0.003

0.08
Fe-Cy {.3/2.053) LTy 2073 0.006

Note. Filtered range (A), 0.72-1.92: fitting range in k-space, 2.7to 15.0
A~ ! with the weight &%
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TABLE 3

EXAFS-Derived Coordination Numbers (CN), Shell
Radii (R), and Debye—Waller Factors (DW) of
Clusters-Derived Fe/AlO,

Sample (Fe wi%)  Shell CN R(A) DW  R-factor
K70.9) Fe-O 295  1.972)  0.007 0.10
Fe-Fe 0321 2505  0.005
Fe-Fe 0.53)  2.734)  0.005
Fe-Fe 189 2965  0.015
K37(1.1) Fe-O  286) 1952  0.007 0.13
Fe-Fe 0.4(2) 2555  0.004
Fe-Fe 0.84) 2754  0.006
Fe-Fe 2.6(14) 297%8) 0017
KI17(0.6) Fe-O 287  1.973)  0.007 0.15
Fe-Fe 0.3 2495  0.00]
Fe-Fe @85 2735  0.006
Fe-Fe 26L16) 2957)  0.016
K7 used (0.9) Fe-O 297y 1972)  0.007 0.13
Fe-Fe 229 2488 0.0l
Fe-Fe 199 28331  0.011
Fe-Fe 2.4(11) 3.024)  0.012

Note. Theoretical fitling range in k-space. 2.8-12.48 A~} with the
weight of &,

the distance of 2.49 to 2.55 A (2.52 A on
average) and by one next nearest iron with
the distance of 2.73 to 2.75 A (2.74 A on
average). Although the coordination num-
bers (CN) of these two iron neighbors are
very small, the ratio of CN,, to CN, 4, 1s
maintained as a constant 1: 2 for the differ-
ent samples studied. In the EXAFS analysis
of carbonyl clusters, this is known to be a
characteristic of an isosceles triangle cluster
core such as the Fe, core in Fe,(CO),,.

In principle, the ratio of the CN of the
shorter Fe—Fe shell to the CN of the longer
one in the Fe, core of Fe;(CO),, should be
0.7: 1.3 if these two shells were separable
by the EXAFS technique. However, in the
case of three freshly prepared iron catalysts,
the average ratio is 0.3:0.7, only one-half
of that in Fe;(CO);,. Whether it is caused
by the fragmentation of the parent cluster
during preparation or the cleavage of the
Fe—Fe bond after the decarbonylation still
remains an open question, but it is clear that
some isolated iron atoms, which cause the
third coordination at 2.96 A with relatively
higher CN, are formed and maintained on
the surface. A tentative structural model for
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Fi1G. 4. Fourier transform and fitting curve in k-space of Fe K-edge EXAFS of Fe/Al,04(K7) and K7

after use.

the catalyst Fe/Al, O, is therefore developed
based on the above finding and illustrated
in Fig. 5. It can be seen in Fig. 5 that there
are mainly two species of iron on the sur-
face. One is the randomly distributed iso-
lated atoms. and the other is the tri-iron
ensembles, which appear to constitute the
catalytic sites under reaction conditions.
Similar results, such as separate ensembles
consisting of three Os atoms as active cen-
ters for CO hydrogenation, were reported
for Os;(CO),/AL,O; in earlier work (20).
The isolated atoms of Fe are not expected
to be catalytically active (2/). In both cases,
however, each iron atom is triple-bridged by
three oxygen atoms of alumina; the average
angle of the O-Fe-0O bonds is calculated to
be about 90°, as shown in Fig. 6.

The surface of the small y-Al,O, particles
was reported to be predominantly (111) in
orientation (22-24), but in more recent liter-
ature (25, 26) it was suggested to be (110).
For the latter case, the arrangement of such
an ensemble of three iron atoms will be ex-
pected to be somewhat different from that
shown in Figs. 5 and 6, which are produced
by assuming for simplicity the surface orien-
tation to be (111). However, it is clear from
the EXAFS-derived parameters listed in Ta-
ble 3 that two iron atoms cannot occupy two
adjacent short-bridge sites of lattice oxygen
on the (110) plane. This is because the dis-
tance between them would be too short,
only about 2.0 A. One of the possible ar-
rangements of the tri-iron ensembles on the
(110) plane is shown in Fig. 7, in which the
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0 A
K7 K7 after use
Coordination Number (CN}) Coordination Number (CN)
Atom CN2.51 CN2 73 Atom CN2.48 CN2 83
A 1 1 A 2 2
B 1 1 B 2 0
(o4 0 2 C 2 2
D o] o] A’ 2 1
E Y] 0 B’ 2 4
F 0 0 c 2 1
A” 2 o]
CN for each 0.3 C.7 B" 2 2
(o 2 2
The subscripts of CN represent
the interatomic distances in CN for each 2.0 1.6
FiG. 5. Tentative models of Fe/ALO(K7) and K7 after use in accordance with a (111) plane and the

EXAFS-derived results listed in Table 3.

second layer of lattice oxygens is not shown
for clarity, although it is also involved in the
coordination to iron. We can see from Figs.
S and 7 that the coordination of surface oxy-
gens by the tri-iron species is 3.0 and close
to 3 for (111) and (110), respectively. The
difference in CN between these two cases
cannot be distinguished by EXAFS because
of the limitation of the technique. We there-
fore represent the y-Al,O, surface in this
paper by the (111) plane, but the same con-
clusions can be drawn likewise with the
{110) plane, although the situation in this
case is somewhat more complicated.

As to the structure of the used catalyst
K7, its first shell as estimated from the Fou-
rier transforms is much the same as that of

K7. However, there are significant differ-
ences in the second and third shells. The
EXAFS-derived results listed in Table 3
suggest that the iron atoms deposited on the
surface seem to be in trimers with a distance
between the two irons of 2.48 = 0.08 A,
similar to that observed for K7. The aggre-
gated ensemble is still two-dimensional as
demonstrated by its CN of the oxygen shell.
It consists of at least three or four iron
trimers in which the interatomic distance is
2.48 = 0.08 A and the nearest interatomic
distance between two adjacent trimers is
2.83 = 0.03 A, respectively. Other neigh-
boring iron ensembles and/or atoms give the
third coordination at 3.02 A. A tentative
model is shown in Fig. 5. The formation of
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FiG. 6. Calculation of the O-Fe-O angle based on
the results of K7 shown in Fig. 5. The first neighbors
only are concerned.

such aggregated iron ensembles over 10 A
in size appears to be the cause for short-life
and poor selectivity of the catalyst. From
the EXAFS-derived results, we can reason-
ably assume that for the freshly prepared
catalyst Fe/Al, O, the dispersed iron atoms
tend to come close to each other under reac-
tion conditions and occupy positions coordi-
nated with three oxygens on the alumina
surface in groups of three iron atoms. This

L

or
N
JaN
0)
o

10 (A)

Fi16. 7. Tentative model of Fe/Al,0,(K7) in accor-
dance with a (110) plane and the EXAFS-derived re-
sults listed in Table 3.
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constitutes a two-dimensional aggregating
process. This process is favored by the sur-
face structure of Al,O; particles. Groups of
Fe atoms in combinations other than three
are less favored for geometrical reasons.
The aggregation of iron trimers, but not the
shortening of the Fe~Fe bonds, causes the
decrease of the selectivity of the iron cata-
lyst in the hydrogenation of carbon monox-
ide in this system. Although we have sug-
gested that the presence of iron trimers is
essential for the high selectivity of the fresh
catalysts, the microenvironment sur-
rounding the trimer seems to be at least
equally important. For a highly dispersed
iron catalyst such as K7, the active site is
associated with an iron trimer that would
show high selectivity only when no adjacent
metallic group is present.

CONCLUSION

Precipitating Fe (CO),, on alumina is a
successful method for the preparation of
highly dispersed supported cluster and clus-
ter-derived iron catalyst. The structural
characterization of the iron catalysts by K-
edge EXAFS analysis suggests that the Fe,
cores of some of the Fe,(CO),, molecules
are retained on the alumina surface in the
catalyst Fe/Al,O,. In addition, some iso-
lated iron atoms are also formed on the
freshly prepared catalyst. For the catalytic
hydrogenation of CO, the active site on the
alumina surface appears to be associated
with the iron trimers. However, it will pre-
sent a high selectivity under the condition
that the iron trimer is accompanied by a
“‘clean’” microenvironment with only iso-
lated iron atoms nearby.
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