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Bimetallic FeIr/SiO2 CO hydrogenation catalysts have been stud-
ied by temperature-programmed reduction, EXAFS, Mössbauer
spectroscopy, and previously also by infrared spectroscopy of ad-
sorbed CO. We concentrate on the structure of a freshly reduced
sample, which is selective for the formation of hydrocarbons from
CO+ 3H2, and a catalyst activated during 48 h of reaction, which
produces mainly methanol. The fresh sample contains iron oxide
and bimetallic FeIr particles with an iron-rich surface after reduc-
tion in H2 at 450◦C. During CO hydrogenation, a part of the oxidic
iron reduces and forms, together with some of the iron that is ini-
tially alloyed an iron carbide. CO adsorption on activated FeIr/SiO2

is considerably weaker than on the freshly reduced catalyst, while
the activated catalyst also possesses a much higher hydrogenation
activity than the initially reduced system does. Structure models for
the catalyst after reduction and during steady state CO hydrogena-
tion at high pressure are discussed. c© 1997 Academic Press
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INTRODUCTION

effective promoter of noble metal CO hydrogena-
atalysts, iron is known to increase both the activity
lectivity for oxygenated products. This promoter ef-
as first reported by Bhasin et al. (1), who observed
reased methanol selectivity of FeRh as compared to
moted Rh/SiO2, and a shift of the C2-oxygenate se-
ty towards ethanol. Fukushima et al. (2) reported a
enhancement of the activity of Ir/SiO2 and an in-
of the methanol selectivity for catalysts with low

ratio (≤0.2). An increase of the activity due to the
on of iron, although at constant methanol selectivity,
so observed for Pd/SiO2 catalysts (3).
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revious study (4) from our laboratory shows that
iO2 catalysts of higher iron content (Fe/Ir≤ 1) may
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ethanol selectivities as high as 80–85%. However,
avorable steady state activity and selectivity are only
d after an activation period on the order of 24 to 48 h.
p of related bimetallic catalysts, consisting of a noble

(Ru, Rh, Pd, Pt, Ir) and a less noble metal (Fe, Co,
a 1 : 1 atomic ratio, shows the same behavior (5).
structure of supported bimetallic FeM catalysts has
tudied extensively (6–26), not in the least because
atalysts offer excellent opportunities for characteri-
with Mössbauer spectroscopy. Results of combined
auer, EXAFS, XPS, TPR, and ESR studies prove the
ce of a bimetallic phase in combination with unre-
iron in most freshly reduced catalysts. In addition to
hases, α-Fe (17, 18) and unalloyed Pd (18) have been
ed in FePd/SiO2 catalysts. The iron oxide phase has
roposed to be in close contact with the alloy (9–11),
erve as an anchor for the bimetallic particles (13).
t work by Sachtler and coworkers (23, 24) indicates
re must be taken in the interpretation of Mössbauer

a, as the parameters of oxidic iron may be similar as
f surface iron in FeRh alloys. A similar situation has

ncountered in highly dispersed metallic iron particles
). Hence, using a combination of techniques is essen-
studying the surface composition of these bimetallic
ts.
catalysts are well known to convert to iron carbides
as reactions at low conversion levels (29, 30), while
es of iron oxide and carbide form at high conver-
31). CO-induced changes in structure are also known
ur in different types of supported noble metal cata-
32–34). Nevertheless, the structure of the activated
iO2 catalysts has not yet received much attention.
sals for the active site in methanol synthesis over
llic FePd and FeIr catalysts (18, 20, 21) implicitly
knowledge about the freshly reduced catalyst. This
inly not warranted in the case of 1 : 1 FeM/SiO2 cata-
s the results of this paper show.
aim of the present study is to investigate the relation
en the catalytic properties of FeM/SiO2 catalysts and
tructure during steady state catalysis. FeIr/SiO2 has
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hosen because it is the most active and most stable
nol synthesis catalyst of the FeM/SiO2 family (5).
cent letter (26) we used temperature programmed
tion of CO as monitored by infrared spectroscopy to
hat Fe–Ir catalysts in their active state for methanol
ction adsorb CO much weaker than freshly reduced
ts do. In addition, the activated Fe–Ir catalysts had

higher activity for the hydrogenation of ethylene in
, indicative for higher coverages of hydrogen on the
t in its active state. In this paper we describe the
re of FeIr/SiO2 after reduction and after activation
high pressure CO+H2 reaction, as studied by

S, Mössbauer spectroscopy, and temperature pro-
ed reduction. We refer to (35–37) for introductions
e techniques.

METHODS

st Preparation

/SiO2 catalysts were prepared by incipient wetness
nation of SiO2 (Grace 332, 270 m2/g, pore volume

/g) with a solution of Fe(NO3)3 · 9H2O (Merck p.a.)
Cl3 · nH2O (Johnson Matthey Chemicals, 54% Ir) in
molar ratio. For Mössbauer experiments a catalyst
ed in the 57Fe isotope of iron (57Fe/56Fe= 0.1) was
ed, by reducing 57Fe2O3 in H2 before it was dissolved
ic acid and used in the impregnating solution. The
etal loading of the catalysts was 5 wt%. After im-
tion, the catalysts were dried in air at 110◦C for 16 h.

auer Spectroscopy

catalyst containing 10% of the total iron as 57Fe was
d in H2 at 450◦C and activated during 48 h in 40 bar
at 270◦C and subsequently was passivated at room

rature by exposure to a highly diluted O2/N2 flow and
in air. A high pressure cell (pmax= 8 bar) was used for
r treatments and in situ measurements of the catalyst.
auer spectra were collected at Purdue University us-
ASA S-600 constant acceleration spectrometer with
-in-Rh source. The spectra were fitted with physically
nt parameters (isomer shift, quadrupole splitting, line
hyperfine field, and absorbance) using a nonlinear

ization routine.
er shifts are reported with respect to α-Fe. Spectra
orrected for iron impurities in the beryllium win-

of the cell by subtraction of peaks of fixed isomer
ine width, and absorbance. In cases where the sam-
s heated or cooled, the isomer shifts were allowed
tuate within a narrow range corresponding to a high
temperature iron–beryllium alloy.

ed X-Ray Absorption Fine Structure
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-edge and Ir L3-edge EXAFS measurements were
med at EXAFS station 9.2 of the SRS, Daresbury,

Tem
vated
T AL.

atalysts were reduced and passivated, or activated
gas and passivated as described above. The samples
ressed in self-supporting wafers with absorption co-

nts of 2.5 after the edge and measured at liquid nitro-
perature after three treatments: (i) drying in helium

C; (ii) in situ reduction in H2 at 400◦C during 1 h; (iii)
reduction at 400◦C and CO adsorption at room tem-
re during 1 h. The passivated sample and the sample
O adsorption were measured in helium atmosphere;
uced catalyst was kept under hydrogen.
FS data analysis was done with a combination of

mental and theoretical references. For most of the re-
absorber–backscatterer pairs, a reference compound
nown structure was available. Pt foil, Na2Pt(OH)6,
4(CO)12 were used as references for the Ir–Ir, Ir–O,
–CO contributions in the Ir EXAFS spectra. It has
hown theoretically (38) and experimentally (39) that
m references can be used to analyze iridium data.

–Ir references were made by isolation of the first and
Pt–Pt shell in platinum foil after subtraction of the
oring shells, as described by Kampers et al. (40). The
eference, isolated from the spectrum of Na2Pt(OH)6

interval 1.75≤ k≤ 14.48 Å−1, was extended up to
Å−1 with backscattering amplitude= 0, in order to
spectra over a larger data range. This is allowed be-
he Ir–O backscattering amplitude decreases strongly

ction of the electron wave number (k) and is zero at
Å−1. The contributions in the Fe EXAFS spectra

tted with shells from Ni foil and Fe-acetylacetonate.
was used, because the first and second Fe–Fe shells
oil, which has a bcc structure, cannot be separated.
nces for the bimetallic pairs (Fe–Ir and Ir–Fe) were
ted with the program FEFF (41) using the parame-
= 1, R= 2.69 Å, σ 2= 0, and S2

0 = 0.9. For monometal-
s, this program gives good results (42) and calculates

ces with high accuracy. Calculated coordination num-
owever, are generally too low, with errors of up to
hese errors can be partially compensated using the

body amplitude reduction factor (S2
0 ).

ydrogenation

ctions were carried out in a stainless steel fixed-bed
r. CO was led over a silica column at 300◦C in order to
pose metal carbonyls and dried over a 4 Å molsieve.
gen was dried and used without further purification.
st samples (250 mg) were reduced in hydrogen at
for 1 h and tested at 270◦C and 40 bar in a 4N liters/h
flow (H2/CO= 3). Products were analyzed by a gas

atograph with a flame ionization detector.

rature Programmed Reduction
perature programmed reduction (TPR) of passi-
catalysts was carried out as described previously (8),
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BIMETALLIC Fe–Ir CATALYSTS IN CO

4% H2-in-Ar flow. The temperature was increased
y to 400◦C at a heating rate of 5◦C/min. Hydro-
nsumption was measured by a thermal conductivity
r.

RESULTS

is section we will present information about the
re of the active FeIr/SiO2 catalyst, as derived from

situ (Mössbauer and infrared spectroscopy) and
in situ (EXAFS) experiments. In the latter, the cata-
d to be removed from the reaction environment,
s rereduced before measurement. Mössbauer spec-
y has been used to follow the effect of this proce-
irst we describe the results of a CO hydrogenation
ent which indicates that the “semi” in situ approach
relevant information about the catalyst in the active

hydrogenation. Figure 1 shows the activity of a
Ir/SiO2 catalyst for the formation of methanol and
e, which are the main reaction products of CO hy-
ation (4). Under standard reaction conditions, the
sion over a freshly reduced catalyst reaches steady
uring an activation period of 48 h, after which the
t is stable. During the activation period, a new type
appears to be formed which is active for the for-
of methanol. No significant changes are observed

spect to the formation of hydrocarbons. Exposure
t room temperature and renewed reduction by H2

C, as is done in some of the characterization experi-
has no effect on the activity for methanol formation
ly temporarily enhances the formation of hydrocar-

e therefore conclude that characterizing the FeIr
t, after removal from the reactor and rereduction in
ssbauer or EXAFS cells, is permissible for studying
r catalyst in its active, methanol-producing state.

1. Conversion of CO into methane and methanol (40 bar of
O synthesis gas at 270◦C). Comparison of the freshly reduced
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. Temperature programmed reduction profiles of Ir/SiO2 and
2 catalysts. Pretreatment: reduction at 450◦C and exposure to air at
perature; activated catalyst: 48 h of reaction as in Fig. 1 followed

ure to air at room temperature.

erature programmed reduction. TPR was used to
e reduction of passivated Ir/SiO2 and 1 : 1 FeIr/SiO2

s. The TPR profiles of the fresh Ir and FeIr catalysts,
duction at 450◦C and oxidation at 20◦C, and the

ed FeIr catalyst, after 48 h of syngas reaction at 270◦C
idation at 20◦C, are shown in Fig. 2.
Ir/SiO2 sample reduces at low temperature, in a
emperature interval which has its maximum at 15◦C.
R pattern of Fe/SiO2 (not shown) has peaks around

(8, 12). Reduction of the freshly reduced and passi-
eIr/SiO2 catalyst starts around 0◦C, reaches a max-
round 60◦C, and is largely completed at 120◦C, al-
the catalyst continues to consume hydrogen during
heating to 400◦C. The shift of the main peak, as

red to the TPR pattern of Ir/SiO2, forms evidence
st of the iridium and a substantial part of the iron

ll mixed. However, the catalyst also contains iron
hat remains difficult to reduce. Mössbauer spectra,
ed in the next section, confirm that iron is indeed
rtially reduced.
ction of the activated FeIr catalyst takes place in a

tep at a temperature that is significantly higher than
for the reduction of the fresh catalyst. In addition

signal, a large hydrogen consumption peak arises
400◦C. Mass spectrometry experiments have shown
thane is formed at this temperature, indicating that
sumption of hydrogen at temperatures above 350◦C
ly due to the reaction with carbonaceous species
during CO hydrogenation. Of course, we cannot
that part of this high temperature signal is also

by reduction of iron oxide, as it is in the fresh catalyst.

sbauer spectroscopy. Figure 3 shows the 57Fe
uer spectra of the FeIr/SiO2 catalyst after 48 h of
drogenation in the high pressure reactor and expo-
air, after rereduction in H2, and during and after CO
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3. Mössbauer spectra of FeIr/SiO2 after 48 h of reaction in 40 bar
esis gas, after (a) passivation, (b) rereduction in H2 at 400◦C,

tion in 8 bar of synthesis gas at 270◦C (measured at 270◦C), and
r reaction and cooling down to room temperature.

enation at 8 bar in the Mössbauer in situ cell. In order
litate the interpretation, spectra were recorded after
g with liquid nitrogen to about −170◦C as well. The
at for each component the isomer shift and the reso-
bsorption area should increase with decreasing tem-
re, imposes powerful constraints on the computer fits
e parameters of the fits are listed in Table 1.
spectrum of the passivated catalyst (Fig. 3a) consists
inantly of a quadrupole doublet due to Fe3+, with a

ontribution of a singlet corresponding to an fcc FeIr
he spectrum of the reduced catalyst (Fig. 3b) shows
decrease in intensity of this doublet, indicating that

xide is reduced to Fe0, present in an alloy (singlet
mm/s) and in metallic iron (six-line component).

w temperature spectrum shows the same phases, but
tes also that the doublet phase exhibits the largest in-
in absorption area and is thus a surface phase (see

1). Correcting for the relatively low Debye temper-
of this phase, we estimate that approximately 50%
iron contributes to this surface doublet and is ox-

ter rereduction at 400◦C. Although the parameters
s doublet are characteristic of Fe3+, the work of
nemann et al. (23) indicates that we should not ex-
that iron in the surface of the alloy particles con-
s to this doublet as well.
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spectrum of the catalyst after CO hydrogenation in
össbauer reactor (Fig. 3d) indicates that a carbide

(b) expo
(d) rere
T AL.

forms from the α-Fe, and that part of the Fe3+ is re-
to Fe2+. Conversion of Fe3+ to Fe2+ has also been
ed after adsorption of CO on bimetallic FeM cata-
t room temperature (10–12). The in situ spectrum
ed during reaction at 270◦C (Fig. 3c), only shows
izable signals of Fe2+, Fe3+, and FeIr, because the
of the carbide, which at 270◦C apparently is in the
aramagnetic state, overlaps with the main peaks of
nd Fe3+. However, at room temperature (Fig. 3d)
netically split signal is visible, with the Mössbauer
eters of ε′-Fe2 · 2C. As the spectral area of the ε′-
signal increases only slightly after cooling to−170◦C
1), we conclude that no superparamagnetic carbide

ent at room temperature.
he Mössbauer spectra taken after reaction we also
at the doublet phase has a Debye temperature that
ificantly lower than that of the other iron phases. We
ore conclude that the Fe3+ phase is highly dispersed.

following experiments give indirect information
the relative dispersions of the iron phases in the
t after activation. Figure 4a shows the Mössbauer

um of the catalyst under hydrogen at room tempera-
ter in situ reaction and cooling in synthesis gas. The

um does not differ significantly from that in Fig. 3d,
ed after cooling down in synthesis gas. Exposure of

4. Mössbauer spectra of FeIr/SiO2, after (a) reaction under H2,

sure to 1% O2 in He, (c) reexposure to H2 at room temperature,

duction at 400◦C, and (e) exposure to 1% O2 in He.
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TABLE 1

Mössbauer Parameters of 1 : 1 FeIr/SiO2

imental conditions T (◦C) Iron species IS (mm/s) QS (mm/s) H (kOe) LW (mm/s) Area a.u. (%)

ssivated 20 Fe3+ 0.37 0.93 — 0.56 4.14 88
FeIr 0.10 — — 0.33 0.57 12

duced 20 Fe0 0.02 0.00 332 0.38 1.13 21
Fe3++Fe0

surf 0.38 0.80 — 0.35 1.68 31
FeIr 0.17 — — 0.51 2.68 48

−173 Fe0 0.13 0.00 341 0.43 1.41 16
Fe3++Fe0

surf 0.52 0.88 — 0.54 3.76 42
FeIr 0.24 — — 0.59 3.88 42

ar H2/CO 270 Fe2+ 1.00 1.65 — 0.54 0.22 7
Fe3++Fe0

surf 0.14 0.84 — 0.38 0.69 23
FeIr 0.01 — — 0.60 2.06 70

st reaction 20 Fe2+ 1.21 1.64 — 0.46 0.42 8
Fe3++Fe0

surf 0.35 0.78 — 0.35 1.39 25
ε′-Fe2 · 2C 0.19 0.03 176 0.55 0.72 13
FeIr 0.15 — — 0.57 2.99 54

−173 Fe2+ 1.51 1.90 — 0.58 0.65 7
Fe3++Fe0

surf 0.46 0.84 — 0.46 2.68 32
ε′-Fe2 · 2C 0.30 0.01 186 0.63 0.82 10
FeIr 0.24 — — 0.61 4.33 51

O2/He, 20◦C 20 Fe2+ 1.30 1.86 — 0.46 0.13 2
Fe3+ 0.37 0.92 — 0.60 3.80 65
ε′-Fe2 · 2C 0.19 0.03 176 0.55 0.65 11
FeIr 0.15 — — 0.47 1.26 22

2 at 20◦C 20 Fe2+ 1.26 1.74 — 0.46 0.70 12
Fe3++Fe0

surf 0.40 0.79 — 0.46 1.74 32
ε′-Fe2 · 2C 0.19 0.03 176 0.55 0.72 13
FeIr 0.11 — — 0.57 2.36 43

2 at 400◦C 20 Fe2+ 1.20 1.65 — 0.26 0.13 2
Fe3++Fe0

surf 0.38 0.82 — 0.34 1.67 28
Fe0 0.04 0.00 330 0.51 1.13 19
FeIr 0.17 — — 0.52 2.96 51

O2/He, 20◦C 20 Fe0 0.03 0.00 331 0.37 0.87 14
Fe3+ 0.38 0.94 — 0.56 3.84 61
FeIr 0.12 — — 0.54 1.55 25
te. Catalyst pretreatment: 48 h of activation in 40 bar H2/CO= 3 at 270◦C, and passivation by exposure to air at room
rature. Accuracies: IS ± 0.02 mm/s; QS ± 0.04 mm/s; H ± 5 kOe; Area ±15%.
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talyst to 1% O2-in-He (Fig. 4b) leads to a strong in-
in the intensity of the Fe3+ signal. The computer

ws that roughly 75% of the Fe2+ phase, 50% of the
the FeIr alloy and a smaller amount (about 20%)

iron carbide convert to Fe3+. This suggests that the
hase has a high dispersion, the FeIr alloy somewhat
d the carbide phase has the lowest dispersion. The

sed quadrupole splitting and line width of the Fe3+

nent point to a less homogeneous environment of
+ ion in the passivated catalyst and is in qualitative
ent with the presence of Fe3+ at the surface of three

nt iron-containing phases.
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, reintroduction of hydrogen at room tem-

y reverses the effect of oxidation (Fig. 4c);
with th
to esti
antial fraction of the Fe3+ becomes reduced to Fe2+

Fe0 in the FeIr alloy, while the intensity of the carbide
ot change significantly. Reduction at the normally
yed temperature of 400◦C yields a Mössbauer spec-
Fig. 4d) that is essentially identical to that of Fig. 3b.
hat the iron carbide has converted to metallic iron.
ure of this sample to 1% of O2-in-He at room tem-
re oxidizes half of the iron in the FeIr alloy and a
part of the α-Fe particles, confirming once more that
tallic iron particles are significantly larger than the
rticles.
isomer shift of FeIr alloys increases almost linearly

e Ir content of the alloy (43) and can thus be used

mate its composition. The isomer shift values of the
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5. Iridium LIII-edge EXAFS spectra (k1-weighted) and Fourier transforms of fresh and activated FeIr/SiO2 catalysts after reduction (A, B),

orption (C, D), and passivation (E, F). The k1-weighted Fourier transforms have been corrected for phase and amplitude (Pt–Pt), and they have
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tained over the ranges k= 3.73–16.70 Å−1 (B, D) and k= 3.30–16.70 Å−1 (F

ase in Table 1 all point to alloys which are rich in
. More detailed conclusions on the composition of
y are not warranted in view of the uncertainties of

ed parameters as shown in Table 1.

FS. Iridium LIII- and iron K-edge EXAFS spectra
een measured of the fresh FeIr/SiO2 catalyst, which
es mainly hydrocarbons, and the activated catalyst
8 h syngas reaction, which is active and selective for
mation of methanol. Limitations set by the capabil-
the EXAFS in situ cell, which is unsuitable for high

re catalytic reactions, dictated that, in contrast to the
auer experiments, the catalyst could not be measured
or after in situ reaction. The main objective of this
S study is therefore to determine the structure of
sh and activated catalyst after reduction, since this
nts conditions as close to the active state as we can

e. We discuss EXAFS spectra of the fresh and spent
ts and of the samples after CO adsorption at room
ature. These additional measurements appear infor-
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re 5 shows the k1-weighted Ir EXAFS spectra and the
ighted Pt–Pt phase and amplitude corrected Fourier
orms of the fresh and activated sample after the three
atments (reduced: Figs. 5A, B; CO adsorption at
temperature: Figs. 5C, D; passivation: Figs. 5E, F). The
y of the data up to k= 17 Å−1 is good (Figs. 5A, C, E).
andard deviations per data point, as determined by
ing of multiple spectra and from the noise at high
es, are between 5× 10−4 for the reduced catalyst and
or the passivated sample. It is obvious from the raw
hat for each pretreatment the differences between
dium in the fresh and activated sample, as determined
XAFS, are small. In all cases the phase of the EXAFS
tions is similar and the differences in amplitude are
(Figs. 5A, C, E). However, the effects of different
atments (reduction, CO adsorption, and passivation)
catalyst structure are much larger, as is most clearly

ed by comparing the Fourier transformed spectra of
B, D, and F. Since the Fourier transforms of the dif-

spectra are taken over almost the same k-range and

otted on the same vertical scale, a direct comparison
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FIG. 5—Continued

s that the amplitudes of the Fourier transform decrease
e order: reduction>CO chemisorption> passivation.
e spectrum of the reduced catalyst consists of a main
at 2.7 Å due to first shell Ir-metal contributions, and

ller Ir-metal peaks at higher shell distances. The vis-
asymmetry in both the magnitude and the imaginary
s of the (Pt–Pt phase and amplitude corrected) first shell

indicates that not only an Ir–Ir contribution, but also
her scatterer like iron and/or oxygen are present. The
ence of the higher Ir-metal contributions indicates that
e particles are relatively large.
a first attempt to fit the spectrum with the least num-

of free parameters, we tried to fit the Ir EXAFS of
5A with a combination of Ir–Ir and Ir–Fe shells only.
um and iron are detected at 2.69 and 2.62 Å, and also at
nces of approximately

√
2 and

√
3 times the first-shell

nce. However, the higher shell coordination numbers
und in this fit were much too small, indicating that the
en model cannot be correct.
e spectrum is better described by including an Ir–O

raction (Table 2, Fig. 6). In terms of data analysis, addi-
of an Ir–O contribution causes an increased amplitude
e EXAFS at low k-value, since the backscattering am-

Ir

Ir–Ir

Ir–Fe

Ir–O

Note
1σ 2, E
R ± 1%
shells I

a Co

influe
be de
direct
tions
at 2.27

FIG

de of oxygen has its maximum in this region. In order
t the spectrum at high k-values where oxygen has no

Fourier
correspo
HYDROGENATION 337

TABLE 2

XAFS of the Fresh FeIr/SiO2 Catalyst after Reduction

NC
a 1σ 2 (Å2) R (Å) E0 (eV)

6.5 0.0012 2.696 4.2
3.4 0.0032 3.780 8.5
8.8 0.0046 4.692 −9.5
2.7 0.0022 5.378 5.2

2.7 0.0052 2.639 −11
0.8 0.0021 3.692 −11
5.7 0.0076 4.642 −3.3

0.7 0.0030 2.266 −19

Estimated accuracy of the first shell parameters of Ir–Ir, Ir–O: N,
± 20%; R ± 1%. Higher shells Ir–Ir: N,1σ 2 ± 30%; E0 ± 20%;
. First shell Ir–Fe: N, 1σ 2 ± 30%; E0 ± 20%; R ± 1%. Higher
Fe: N, 1σ 2 ± 40%, E0 ± 20%; R ± 1%.

rected with λ= 8 Å.

ce, N and 1σ 2 in the iridium-metal shells have to
reased. When this procedure is used in the opposite
on; i.e., first decrease the Ir–Ir and Ir–Fe contribu-
nd then fit the remaining part, an Ir–O contribution
Å with a coordination number of 0.7 is detected. This

6. Ir EXAFS of the freshly reduced FeIr/SiO2 catalyst; solid line:

filtered data (1k: 3.7–16.7 A−1; 1R: 0.9–3.7 Å); dotted line: fit
nding to the parameters of Table 1.
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bution can be assigned to an interaction of reduced
with oxygen in the support or in iron oxide. The

lue of E0 (−19 eV) has been observed previously for
support interactions (45) and is most likely due to
nces in oxidation state between the metal in the ref-
compound and in the sample. In this case, first shell

nd Ir–Fe coordination numbers of 6.5 and 2.7 are ob-
(Table 2), which are in much better agreement with

gher shell coordination numbers than the previous
. For all Ir EXAFS spectra, data analysis has there-
een performed according to the procedure described
(including higher coordination shells). The first-shell
eters are presented in Table 3.
spectra of the catalyst after CO adsorption (Fig. 5D)
n the contributions that already were present after
ion, but with an about 20% lower amplitude. This
tes that CO adsorption is corrosive and affects the
re of the catalyst. Data analysis shows that the Ir–Ir

–Fe coordination numbers in the fresh catalyst de-
from 6.5 to 6.0 and from 2.7 to 2.1, respectively. A

r effect is observed in the activated catalyst. The Ir–O
ination numbers in both catalysts decrease by approx-
y the same factor as the Ir-metal contributions. More-
small decrease of the Ir–O bond length is observed.

–CO contribution may be present, but has not been
ed in the fit because the parameters that are found
is contribution are significantly influenced by small
ions in the other shells. We estimate that the Ir–CO

TABLE 3

Ir and Fe EXAFS of FeIr/SiO2 Catalysts

Fresh catalyst Activated catalyst

1σ 2 R E0 1σ 2 R E0

N (Å2) (Å) (eV) N (Å2) (Å) (eV)

t after reduction
6.5 0.0012 2.696 4.2 6.2 0.0013 2.697 4.5
2.7 0.0052 2.639 −11 2.5 0.0049 2.629 −9.8
0.7 0.0030 2.266 −19 0.6 0.0030 2.239 −19

2.6 0.0095 2.005 1.5
3.1 0.0081 2.636 −2.8 Not fully analyzed
1.0 0.0003 2.618 4.2 Bcc Fe present

O adsorption
6.0 0.0018 2.690 4.9 5.8 0.0014 2.689 5.2
2.1 0.0071 2.632 −7.5 2.3 0.0083 2.623 −7.0
0.6 0.0030 2.226 −19 0.5 0.0030 2.224 −19

ssivation
5.3 0.0019 2.668 6.1 5.4 0.0029 2.672 5.7
1.4 0.0090 2.655 −14 1.3 0.0094 2.656 −15
2.1 0.0017 2.046 6.3 2.2 0.0019 2.037 6.7

5.7 0.011 1.970 −1.8 5.0 0.012 1.985 −4.3
1.8 0.005 2.950 11 1.3 0.002 2.656 −4.5

. First-shell parameters. Estimated accuracy of the first shell pa-

coord
for m
lated
activa
contr
quan

Pas
temp
Fouri
fresh
(abou
to the
signa
ide. F
an ox
with
Ir–Ir
the re
tween
after

Pas
the bi
ber is
2.7), w
by on
are a
when
bers i
tribut
the c
and t
easily
in the
in thi
termi
for th
passiv
micro
order
first s

Sum
signifi
duced

Iron K

Th
Fe–O
Fig. 7
of the
ment
Ir EX
more
s of Ir–Ir, Ir–O, Fe–Fe, Fe–O: N,1σ 2, E0 ± 20%; R ± 1%. Ir–Fe,
, 1σ 2 ± 30%; E0 ± 20%; R ± 1%.

used (
partic
ET AL.

ination number is at most 0.3, which is not unlikely
tal particles of this size. Small differences, possibly re-
o the presence of carbon, exist between the fresh and
ted catalyst in the region <2 Å. Similar to the Ir–CO
butions, these differences have not been determined
itatively.
sivation of the catalysts by exposure to air at room
rature has a large influence on the structure. The
r transformed Ir EXAFS spectrum of the passivated

catalyst in Fig. 5F is characterized by a much lower
t 40% less) intensity of the 2.7 Å peak, as compared
reduced catalyst (Fig. 5B), and a significantly higher
at 2 Å, characteristic for the Ir–O distance in an ox-
om this spectrum it is clear that both a reduced and
dic phase are present. The main peaks can be fitted
n Ir–O contribution at 2.05 Å, Ir–Fe at 2.66 Å, and
t 2.67 Å (Table 3). The Ir–O contribution at 2.26 Å in

duced catalyst that was assigned to an interaction be-
the bimetallic phase and the support, is not present
assivation.

sivation appears to have affected mainly the iron in
etallic phase. The first shell Ir–Fe coordination num-

approximately 50% lower than after reduction (1.4 vs
hereas the Ir–Ir coordination number has decreased

ly 20%. Note that coordination numbers in EXAFS
eraged over all phases, and must thus be corrected
different phases are present. The coordination num-
Table 3 are correct only if the Ir–O and Ir-metal con-

ons are due to one phase. However, if we assume that
talyst contains separate reduced and oxidic phases,
at the real Ir–O coordination number is 6, one can
calculate that approximately 35% of the iridium is
oxidic state. The real Ir-metal coordination number
case is 10. Therefore, the metal particle size as de-
ed by EXAFS is between 12 Å (N= 6.5, as analyzed
reduced state) and 35 Å (N= 10, calculated for the

ated state). We mention that transmission electron
graphs of this catalyst indicate a particle size on the
of 1.5–2 nm (44), in clear disagreement with a high
ell coordination number.
marizing, the iridium EXAFS results do not reveal

cant differences in catalyst structure between the re-
and passivated state.

-Edge

k1-weighted Fe EXAFS spectra and k1-weighted
phase corrected Fourier transforms are shown in

. The differences between the Fe EXAFS spectra
fresh and activated sample after the various treat-

, are much larger than the differences observed in the
AFS. However, interpretation of these differences is
complicated because only a small data range can be

k≤ 10 Å−1), as the spectra contain more noise. In

ular in the spectra of the passivated catalysts, where
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. 7. Iron K-edge EXAFS spectra (k1-weighted) and Fourier transforms of fresh and activated FeIr/SiO2 catalysts after reduction (A, B), CO
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ion (C, D), and passivation (E, F).

nal intensity decreases rapidly, noise dominates at
k-values. Standard deviations per data point are be-
2× 10−3 for the reduced catalyst and 3× 10−3 for

ssivated catalyst. The phase and amplitude of the Fe
S spectra of the fresh and activated reduced catalyst

7A, B) are different. This shows that the activated
contains iron in a different phase than in the fresh

. The Fourier transformed spectrum of the freshly
d catalyst shows a peak at 2 Å, due to the Fe–O con-
on, and a peak at higher distance due to Fe-metal
utions (Fe–Fe and Fe–Ir) in the bimetallic phase. In

ectrum of the activated catalyst, the intensity of the
peak is lower, indicative of a smaller amount of oxi-
n in this catalyst, and large Fe-metal contributions at
s distances are observed.
Fe EXAFS spectrum of the reduced fresh catalyst

7A, B) has only been partially fitted. The contribu-
resent in the filtered EXAFS have been fitted as-

g that an Fe3+–Fe3+ interaction, observed in the pas-
catalyst as will be shown later, is not present after

ion. The Fe–Ir parameters that are thus determined,
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good agreement with the fit of the Ir EXAFS data.
on in the bimetallic phase is mostly coordinated to

(Fig. 7
alyst w
(N= 3, R= 2.64 Å), but an Fe–Fe interaction due
pairs or islands in the alloy (N= 1, R= 2.62 Å) is also
t. The peaks at larger distances in this spectrum are
e to Fe-metal interactions. However, these cannot
d with any significance because the required num-
free parameters is too high. Figure 8 shows the raw
S spectrum and the first shell fit.
spectrum of the activated catalyst was not analyzed
il, because this requires even more parameters than

for the fit of the fresh catalyst. The nature of the
ase, however, can easily be seen in Fig. 9. In Fig. 9A
pare the spectra of the reduced fresh catalyst and

alyst after reaction. A clear difference is observed
n the phase of the oscillations in the two spectra.
differences disappear when the spectrum of an Fe
th a scaling factor of 0.25, is added to the spectrum
resh catalyst (Fig. 9B). This shows that the activated
t contains not only FeIr alloy and iron oxide, but also
c iron. The iron metal is most likely formed from the
ide that was present after reduction, since the inten-
the Fe–O peak in the Fourier transformed spectrum

B) is lower. We stress again that the activated cat-
as measured after passivation and rereduction, and
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FIG. 7—Continued

e metallic iron is not present as such during reaction.
d, the Mössbauer results discussed in the previous sec-
onfirm that the active catalyst contains iron carbide.
ly a qualitative description can be given of the changes
re observed in the Fe EXAFS spectra after adsorption
(Figs. 7C, D). The Fourier transform of the fresh cat-

hows a decreased intensity in the 2.5 Å region and an
sed amplitude near 2 Å, as compared to the reduced
st. The lower intensity at 2.5 Å, where Fe-metal con-
ions are present, is in agreement with the decreased
coordination number that was found in the analysis
iridium edge data and confirms that CO adsorption
bimetallic phase is corrosive. The changes near 2 Å

te an increase of the coordination of oxygen or car-
round iron. It is not possible to distinguish between
two low-Z scatterers which give similar phase shift
ackscattering amplitude. We can, however, exclude
he peak is due to molecularly adsorbed CO, as this

also give a characteristic peak at 3 Å due to the car-
oxygen atom. The changes in the activated catalyst
r similar to those in the fresh sample. An increase of
–O or Fe–C signal is also observed in the spectrum of

The
lyst (F
shells.
is due
distan
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Aft
lyst is
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phase

An
lic Fe
lic cat

FIG
transfo
talyst. The metallic iron, however, is not influenced
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fit corre
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Fe EXAFS spectrum of the passivated fresh cata-
gs. 7E, F) contains contributions of Fe–O and Fe–Fe
The main peak in the Fourier transformed spectrum
to an Fe–O interaction in iron oxide at an average
e of 1.97 Å (Table 3). The high Debye–Waller factor
shell indicates that the oxide is highly disordered.

ition to Fe–O, an Fe–Fe contribution at 2.95 Å is re-
to fit the spectrum. We assign this shell to Fe3+–Fe3+

the oxide. The Fe–Ir interaction that was observed
r EXAFS spectra is not discerned in the Fe spectrum.
r reaction the amount of oxide in the passivated cata-
ower, as is shown by the decrease of the Fe–O coor-
n number from 5.9 to 4.9. The Fe3+–Fe3+ shell of the

atalyst is no longer present, but a new Fe–Fe distance
cted (R= 2.65 Å), which we assign to iron in an fcc

DISCUSSION

mportant conclusion from this work is that a bimetal-
r/SiO2 catalyst, which represents a class of bimetal-
lysts consisting of nonnoble and noble Group VIII

8. Iron K-edge EXAFS spectrum (k1-weighted) and Fourier
s of freshly reduced FeIr/SiO2, together with the first-shell
sponding to the parameters of Table 3. Fourier filtering: 1k:
˚ −1; 1R: 0.5–3.2 Å.
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BIMETALLIC Fe–Ir CATALYSTS IN CO

. 9. Iron K-edge EXAFS spectrum (k1-weighted) of fresh and ac-
d FeIr/SiO2 (left) and comparison of the spectrum of the activated
st (dotted line) with a linear combination of the spectrum of the re-
catalyst and that of an α-Fe foil (scaling factor for the Fe foil: 0.25).

ls, exhibits striking changes both in structure and in
ce reactivity when used in high pressure CO hydro-
tion. Commonly, characterization studies, also from
aboratories, have concerned the freshly reduced state
e bimetallic catalyst, which represents its state at the
of the catalytic reaction. The present results clearly
that if one attempts to correlate catalytic behavior

r steady state reaction conditions with the structure of
alyst, the latter must as much as possible be represen-
e of the working catalyst. In the following we will first
ss the structure of the freshly reduced FeIr catalyst
hat of the catalyst during reaction. Next we discuss the
ges in reactivity of the catalytic surfaces.
odels for the structure of bimetallic catalysts have

proposed in literature, mostly based on results of
sbauer experiments. The models can be divided in two
s, which assume either full reduction of the metal (6),
e presence of an iron oxide phase in addition to an
(7–22); incidentally, unalloyed metals may be present
s been observed in FePd/SiO2 (17, 18).

signed
recen
rovale
isome
iron h
a subs
(9–12
sible
close
els ar
plain
the re
by CO
oxide
that t
tion o
would

Fro
Ichika
ancho
or b.
2.5 nm
Catal
signifi
in the

He
lyst o
findin
matio
EXA

• S
H2 giv
and in
• S

matio
reduc
alloy;
• C

the ca

Catal

The
a bim

FIG

the former model (6), a doublet present in the

sbauer spectra of reduced FeM/SiO2 catalysts was as-
iron-con
metal, a
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to Fe0 in a surface alloy phase (Fig. 10d). Indeed,
work by Schuenemann et al. (23) confirms that ze-

nt iron in the surface of FeRh alloys can have a similar
shift and quadrupole splitting as high-spin trivalent

as. However, several studies have shown that at least
tantial part of the doublet should be assigned to Fe3+

14). Niemantsverdriet et al. (11) discuss three pos-
rrangements (Figs. 10a–c) for a bimetallic phase in
ontact with highly dispersed iron oxide. These mod-
in agreement with the Mössbauer spectra, and ex-

he observed behavior of the catalyst under CO, i.e.
uction of part of the Fe3+ to Fe2+. Reduction of Fe3+

would be difficult to explain by model e, where iron
is not accessible to CO. Kannan et al. (22) propose
e Fe3+ in FeRu/SiO2 catalysts arises from the oxida-
highly dispersed iron particles on the support, which
be in agreement with the model in Fig. 10f.

the results of an EXAFS study of FeRh/SiO2,
wa et al. (13) conclude that bimetallic particles are
red to the support by iron oxide, e.g. as in model a
heir catalyst had an average particle size of about
, i.e. similar to the catalyst used in the present study.
sts derived from bimetallic carbonyl clusters contain
antly smaller metal particles, but these sinter to 20 Å

presence of CO (21).
e we address the structure of the fresh FeIr/SiO2 cata-

the basis of our EXAFS results and compare our
s with previous Mössbauer studies. Relevant infor-
about the catalyst structure is obtained from the

S spectra after three different pretreatments:

ectra of the catalyst after reduction measured under
e direct information on the composition, dispersion,
teraction between the metal and oxides;
ectra of the passivated sample give additional infor-

about the structure of the bimetallic phase in the
d system, in particular about the homogeneity of the

adsorption experiments show that CO influences
talyst structure.

st after Reduction

EXAFS parameters (Table 2) show the presence of
tallic phase and iron oxide in the reduced catalyst,

10. Several models proposed for the structure of freshly reduced,

taining bimetallic catalysts consisting of iron and a noble group-8
fter Niemantsverdriet et al. (11).
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eement with the results of previous Mössbauer stud-
teractions between iridium and iron, which prove the
nce of a bimetallic phase, are clearly distinguished in
he Fe and the Ir EXAFS spectra, which both con-

Fe–Ir contribution with a distance of 2.64 Å and a
ination number of 3. In addition to these bimetallic
the spectra contain an Fe–Fe contribution at 2.61 Å
) and an Ir–Ir shell at 2.70 Å (N= 6.5). Because the
rofile of the passivated fresh catalyst (Fig. 2) shows

nificant amount of unalloyed iridium, we attribute all
shells to interactions in the bimetallic phase. The total
ination number in the bimetallic phase is 10.5, which
to a metal particle size of approximately 3 nm.
presence of an iron oxide phase in the reduced cata-
llows from the Fe–O contribution at 2.0 Å in the Fe
S spectrum. The fraction of iron in the oxide may be

ated from the experimental (fractional) Fe–O coordi-
numbers, provided that the real coordination around
known. Assuming a real coordination number be-
4 and 6, the experimental Fe–O coordination num-
2.6 ± 0.5 shows that 50 ± 15% of the iron is oxidic.
in reasonable agreement with Mössbauer studies of

rly prepared catalysts, where 50–75% oxidic iron was
ed (11, 12).
EXAFS data of the reduced catalyst alone are in-

ently discriminative to confirm or reject any of the
ements in Fig. 10. We can be more definitive when
ta of the catalysts after all treatments are taken into
nt, as discussed later on.

ation

EXAFS spectra of the passivated catalyst contain
butions of oxidic and reduced phases (Table 3). The
AFS spectrum is described by the same Ir–Ir and
contributions that are present in the spectrum of
duced catalyst, although with different coordination
ers, and two Ir–O shells that we assign to iridium
This assignment may at first sight be in contradic-
ith previous XPS results (11, 12), which indicated
e noble metal in passivated FeM/SiO2 catalysts re-

d in the reduced state. It appears now, however, that
nclusion was not correct. During XPS measurement,
mple heats up due to the proximity of the hot X-ray
. This may have caused the decomposition of any no-

etal oxide species in the catalysts. We have verified
ng monochromatic XPS, where the X-ray source is at
e distance from the sample and heating of the latter

prevented, that a passivated FeIr/SiO2 catalyst con-
ridium oxide, in agreement with the EXAFS results.
presence of Ir–Fe contributions in the Ir EXAFS

s that the reduced particles in the passivated catalyst
least in part bimetallic, in agreement with Mössbauer

(12).
at 1.9
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a of passivated FeIr/SiO2, which also show that a mi-
action of the iron remains present in an FeIr alloy

ing EX
and C
T AL.

he Fe EXAFS consists of a disordered Fe–O shell
Å and an Fe–Fe contribution at 2.95 Å, which indi-

hat iron is mostly oxidized. The Ir EXAFS spectrum
be fitted with physically relevant parameters, how-
ithout including the Ir–Fe0 shells. The relatively high
–Waller factor of the Ir–Ir and Ir–Fe contributions,
pared to the reduced catalyst (Table 3), indicates a
isorder which may be the result of a varying bond
from the inside of the metal particle to the surface

The surface of the bimetallic particles obviously is
d by an oxidic layer that contains both iridium and
s suggested by the TPR results in Fig. 2.
omparison to the reduced catalyst, all coordination
rs of the bimetallic phase in the passivated sample
er: the first shell Ir–Ir coordination number has de-

d from 6.5 to 5.3, Ir–Fe from 2.7 to 1.4, and Fe–Fe
.0 to 0. The preferential oxidation of iron, following
he fact that the Ir–Fe and Fe–Fe coordination num-
crease more than that of the Ir–Ir contribution, sug-
at iron was mainly present at the surface of the FeIr

es after reduction. Although oxygen-induced segre-
of iron may to some extent be responsible for the
ed effects, we think that the bimetallic phase is inho-
eous and should be described as a core enriched in
and an iron-rich surface.

sorption

Fe EXAFS spectrum of the reduced catalyst after
sorption only gives qualitative information about

talyst structure. As compared to the catalyst after
ion, the spectrum appears to contain smaller Fe–Fe
–Ir contributions and a larger contribution due to
C or Fe–O interaction (Fig. 7D). An important ob-
on in the Ir EXAFS spectrum is the decrease of the
nation number as indicated by the lower amplitude
5D, as compared to Fig. 5B. Data analysis shows a
se of the Ir–Fe coordination number from 2.7 after
ion to 2.1 after CO adsorption, and a decrease of the
oordination from 6.5 to 6.0. The relatively stronger
se of the Ir–Fe coordination number confirms the
ment of the surface by iron, as also concluded from
ctra after passivation. Moreover, the decrease of the
nation numbers indicates that the bimetallic phase is
ble in presence of CO, which may be a first step to-
hanges that occur during CO+H2 reaction. As the
vity of EXAFS for changes at the surface is relatively
e to the presence of relatively large metal particles

e combination of low-, medium-, and high-Z scatter-
s not possible to derive more precise information.
s, the EXAFS results support the conclusions from
auer spectroscopy that the freshly reduced FeIr cata-
nsist of iron oxide and a bimetallic phase. Combin-

AFS results obtained after reduction, passivation,

O adsorption enables a refinement of the models
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ed on the basis of previous Mössbauer investigations.
EXAFS spectrum of the catalyst after reduction is

lt to reconcile with the model of Fig. 10a, in which
etallic phase partially covers a layer of iron oxide.

metallic phase may be anchored by small particles
oxide (Fig. 10b), or by oxidic iron in the interface
n bimetallic phase and the support. The bimetallic

appears to be inhomogeneous, having particles with
enriched in iridium, and a surface enriched in iron.
lly, the model that we arrive at is similar to the pre-
rejected (11) surface alloy model (Fig. 10d), which

sed on incorrectly interpreted Mössbauer spectra.
ess that in addition to the Fe–Ir alloy phases shown
10d, oxidic iron is present as in Figs. 10b, c, or f. The Ir
EXAFS spectra after CO adsorption show that the
re of both the iron oxide and the bimetallic phase
s upon CO adsorption.

cture of the activated catalyst. CO hydrogenation,
S, and Mössbauer spectroscopy clearly reveal that
ucture and composition of the 1 : 1 FeIr/SiO2 cata-
anges significantly during the time that the cata-
aches steady-state conversion conditions. Infrared
scopy and ethylene hydrogenation experiments re-
in (26) confirm that the reactivity of the surface

s drastically as well. The main structural changes ap-
ssociated with the iron in the catalyst.
Ir EXAFS spectra reveal only small differences in the
nment of iridium between the fresh and the activated
t (Fig. 5). The similarity of the EXAFS spectra of the
nd activated catalyst suggests that significant changes
ulk structure of the bimetallic particles do not occur.
refore exclude that the activation of the FeIr/SiO2

t is due to a redispersion of the alloy during the syngas
n.
Fourier-transformed Ir EXAFS spectra only show a
ffect in the region below 2 Å, where an additional
ution appears to be present in the activated catalyst.
ntribution is most likely due to an Ir–C interaction,
by carbon deposition on the bimetallic phase. A
indication for carburization of the surface is given

TPR profile of the passivated catalyst. After reaction
rease of the reduction temperature is observed. As
pectroscopy confirmed the evolution of methane, we
te the shift in reduction temperature as well as the
in the Ir EXAFS to the presence of carbon at the

surface.
Fe EXAFS and Mössbauer spectra clearly show

ontrary to iridium, the local coordination around
anges significantly during reaction. In the Mössbauer
m of the rereduced activated catalyst (Fig. 3b), an

hase is observed which is not present in freshly re-
samples. We propose that the high initial methana-
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to ε′-Fe2 · 2C (Fig. 3d), on which surface carbon is de-
d as in monometallic iron Fischer–Tropsch catalysts,
g a decrease of the methanation activity. Comparison
magnetic splitting of the ε′-Fe2 · 2C signal as a func-
f temperature, H(T), with data from Amelse et al.
hows that the particle size of the carbide is at least
. The EXAFS spectra of the activated catalyst af-
uction and CO adsorption (Figs. 7B, D) confirm the
ce of relatively large Fe particles. The metallic iron
obviously is formed by reduction of iron oxide, as is
ted by a lower amplitude of the Fe–O contributions.

to the presence of the large α-Fe particles, which
ate the EXAFS, the Fe EXAFS spectra of the acti-
catalyst after reduction and CO adsorption give no
information about the bimetallic phase, other than
tal particle size. Spectra obtained after passivation,
er, provide useful indirect information. The spectrum
fresh catalyst after passivation contains an Fe3+–Fe3+

ution, which indicates that iron in the bimetallic
forms a bulk oxide, although of disordered structure,
xygen adsorption at room temperature. The spec-
f the activated catalyst after passivation does not

n such an Fe3+–Fe3+ contribution.

lution of the active FeIr catalyst. The yield behavior
nction of time, shown in Fig. 1, has interesting im-

ons for the evolution or surface chemistry and active
ver the first 50 h of reaction. The activity for methane
ction remains essentially constant, but the methanol
ncreases roughly 50-fold. Furthermore, passivation
reduction does not destroy the methanol sites but
emporarily promote the methane sites. In consider-

chemical and morphological changes in the catalyst
ight account for this behavior, we must bear two ad-
l facts in mind. First, catalysts with high Ir/Fe ratios
ood methanol selectivity immediately (4), implying
e surface active for methanol is iridium-rich. Sec-
rge iron particles go through a maximum in methane

ction as they carburize and then decay to low activ-
, 30) while small iron particles can have a sustained
ne activity (47, 48). Furthermore, oxide formation,
e formation, and the relative surface free energies
metals all provide a thermodynamic driving force for
ation of iron at the surface of an Fe–Ir alloy. Thus, we
vision the following scenario to explain the kinetic

ior.
freshly reduced catalyst has an alloy surface too rich
to catalyze methanol production. Any mid to large
parated iron particles carburize and decay in activ-
the first hours of reaction. A population of stabi-
mall particles can account for the ongoing activity
thane. Carbon deposited on the iron-rich alloy will
ue to draw iron to the surface until the iron carbon

s sufficiently thick to nucleate iron carbide. If this car-
rows in a three-dimensional structure, i.e. particle or
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llite growth, movement of the iron to the particles will
e the now Ir-rich alloy underlayer and start the evo-
of a methanol-active surface. Slow diffusion of iron
the alloy and slow sintering of the iron carbide phase
count for the 50-h time period required to reach max-
activity. Furthermore, the slow growth of the carbide
could cause it to be carbon-poisoned before it can add
cantly to the methane production. Both EXAFS and
auer studies confirm that the alloy is Ir-rich in the
catalyst, in support of this model. Passivation and
ction of the catalyst would lead, in this picture, to

rsion of the iron carbide to iron metal. Thus, both the
Fe particles, which were previously carbon-poisoned,
e smaller methane-active iron carbide particles will
making methane when the reaction gas is reintro-
. The large particles, now perhaps more prominent
se they include iron scavenged from the alloy, would
ough the characteristic maximum and decay and ac-
for the increase and relaxation of the methane yield

n Fig. 1. The fact that the methanol yield restarts at the
alue implies that the reduction does not remix the al-
cause the iron to re-wet the Ir-rich alloy surface. This

sts that the iron extracted from the alloy moves off
loy surface during the activation period.

bonding and hydrogenation activity. The ethylene
genation experiments in (26) suggest that a clear cor-
n exists between the selectivity of the catalysts for
nol formation and their activity for ethylene hydro-

ion in the presence of CO. The fresh 1 : 1 FeIr/SiO2

st has a low activity both for methanol synthesis
r ethylene hydrogenation. After activation, however,
the 1 : 1 FeIr catalyst has reached its favorable activ-
methanol production, it is also significantly more ac-
r ethylene hydrogenation. Interestingly, the fresh 1 : 5
iO2 catalyst, with its high initial activity for methanol
so has an initially high hydrogenation activity. The
2 catalyst is the least active in both methanol synthe-
ethylene hydrogenation, both after initial reduction

rolonged use in CO hydrogenation. Thus, the surface
for methanol synthesis is capable of hydrogenating
ne in the presence of CO. As ethylene hydrogenation
absence of CO) occurs readily on most group-8 met-

e believe that the hydrogenation activity of the FeIr
sts is associated with the adsorption strength of CO
us with the extent that hydrogenation is poisoned by

bed CO. Support for this view is provided by the CO
ption studies as reported in (26).

infrared experiments of Ref. (26) show that the in-
d hydrogenation activity of the activated FeIr/SiO2

st is accompanied by a significantly weakened ad-
on strength of CO. These results thus suggest that
eIr surfaces modified, such that they adsorb CO only
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erefore propose that methanol formation occurs from
hat is adsorbed on a monometallic iridium site, modi-
the presence of iron. The promoting effect of the lat-
ttributed to a weakening of the Ir–CO bondstrength,
ng in an increased hydrogen coverage and higher hy-
nation capacity of the promoted surface. In this re-
the fact that a freshly reduced 1 : 5 FeIr/SiO2 catalyst
ve for methanol formation from the beginning of the
drogenation, strongly suggests that an optimum com-
n of the alloy surface exists. The long period needed

tivation of the 1 : 1 FeIr/SiO2 which is accompanied
regation and carburization of excess iron on the one
nd by achievement of a improved Fe–Ir mixing on the
appears as an evolution to a catalyst that is optimally
for methanol production.

CONCLUDING REMARKS

s work demonstrates that bimetallic catalysts such as
eIr/SiO2 may exhibit significant reorganizations in
re during high pressure CO hydrogenation which
pany a shift in activity and selectivity from produc-

f hydrocarbons at the start of the reaction to produc-
f methanol under steady state conditions. The main
es appear to be associated with the iron in the catalyst.
te that an FeIr catalyst with less iron and the same
t of iridium (Fe : Ir= 1 : 5) was active for methanol

ction from the beginning (4). This suggests that in
e 1 : 1 FeIr catalyst contains more iron than favorable
thanol formation. It is interesting that during the first

48 h of CO hydrogenation, the 1 : 1 FeIr catalyst re-
res to a more favorable composition for methanol

ction, by a process involving segregation, carburiza-
nd presumably deactivation by carbon deposition of
cess iron.
re 11 shows a model for the structure of 1 : 1 FeIr/SiO2

reduction and after activation of the catalyst in
at 275◦C. After reduction the catalyst contains
11. Structure of the 1 : 1 FeIr/SiO2 catalyst after reduction and
e to CO (a), and during activation in high pressure synthesis gas.
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BIMETALLIC Fe–Ir CATALYSTS IN CO

inantly FeIr alloy with a surface enriched in iron and
ispersed iron oxide. CO hydrogenation induces iron
egate to a large extent from the alloy after which iron
e forms, which probably does not contribute to CO
sion (although it may still activate hydrogen). At the
ime the overall degree of reduction increases, which
ibute to the high CO partial pressure. Carbonaceous

s are deposited on the metal surface during reaction
peratures above 150◦C. The observed changes in sur-
ructure are accompanied by weaker CO adsorption
is reflected by an increased activity of the catalyst for
enation of ethylene in the presence of CO.
rall, this work reveals two characteristics common
y supported catalyst systems: complexity and sen-
to environment. Each of the measurements made

clearly that the working catalyst is chemically and
rally different from the fresh catalyst, reiterating the

nown need for in situ characterization. Furthermore,
ltitechnique approach used here shows both the need
ariety of views of the system and its complexity. In
se, the combination of surface and bulk information
d by TPR, FTIR of CO, EXAFS, and Mössbauer
scopy rules out a number of simple explanations of
alytic behavior and allows construction of a model
scribes all observations. The fact that even this ar-
techniques is insufficient to identify the active site
uly molecular scale is a reminder of the difficulty of
ing that goal.
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