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Silica-supported bimetallic catalysts, consisting of iron and a more noble Group VIII metal M 
(Ru, Rh, Pd, Ir, Pt) with metal loading 5 wt% and molar ratio Fe : M = I : I, have been investigated 
with in situ Mossbauer spectroscopy and X-ray photoelectron spectroscopy. Reduced FeRu, 
FeRh, FeIr, and FePt on SiOr contain the noble metal M in the zero-valent state, whcrcas iron is 
only partially reduced to Fee, the latter being present in an FeM alloy. Between 50 and 80% of the 
iron is present as Fe3+ in iron(II1) oxide, which is resistant to reduction by Hr up to at least 875 K. 
The Mossbauer parameters of the ferric iron change upon chemisorption of CO at 295 K, indicating 
that the iron(II1) oxide is highly dispersed. In contrast to the other FeM/SiOZ catalysts, reduced 
FePd/SiOz contains all Pd and almost all Fe in the zero-valent state. The presence of both bee FePd 
alloy and o-Fe metal indicates that phase segregation has occurred. Passivation of the FeA4/SiOZ 
catalysts in air at 295 K results in oxidation of Fe0 to Fe3+, while the metal M remains reduced. An 
exception is FeRu/SiOr, in which about half of the Ru is oxidized by air at 295 K. All passivated 
FeMISiOr catalysts show reduction of Fe3+ to Fe2+ or Fe0 by H2 and by CO at 295 K, which is 
promoted by the noble metal. Implications of the results on models for the structure of a supported 
bimetallic catalyst are discussed. o 1985 Academic ~resr. 1nc. 

INTRODUCTION 

Supported bimetallic catalysts consisting 
of iron and one of the more noble Group 
VIII metals Ru, Rh, Pd, Ir, and Pt, have 
raised considerable interest as CO hydroge- 
nation catalysts during the last decade. 
Several of these catalysts have been char- 
acterized by means of Mossbauer spectros- 
copy. Garten and co-workers have reported 
on alumina-supported FePd, FeRu, FePt, 
and on silica-supported FeRu catalysts (I- 
7), Bartholomew and Boudart on carbon- 
supported FePt (8), Guczi and co-workers 
on silica-supported FeRu and FePt (9-13), 
and our group on silica-supported FeRh 
catalysts (14-16). A review of Mossbauer 

’ To whom correspondence should be addressed at 
Laboratory of Inorganic Chemistry and Catalysis, Eind- 
hoven University of Technology, 5600 MB Eind- 
hoven, The Netherlands. 

studies on supported iron and iron alloy 
catalysts has been given by Topsoe et al. 
(17). These studies concentrated primarily 
on the reduction and oxidation of iron in the 
bimetallic catalysts. The general conclusion 
is that in bimetallic catalysts consisting of 
iron and a more noble Group VIII metal the 
two metals are intimately mixed and that in 
many cases the noble component promotes 
the reduction of the less noble component, 
iron, such that iron reduction by HZ starts 
already at relatively low temperatures. 

This does not necessarily imply that the 
degree of iron reduction in supported bime- 
tallic catalysts is higher than in monometal- 
lic iron catalysts of comparable loading as 
was shown for FeRu/SiOz by Guczi et al. 
(II). Bartholomew and Boudart (8) and 
Garten (3), on the other hand, found a re- 
duction degree close to 100% for iron in 
FePt/C and FePd/AlzO3, respectively. 
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Although the studies of the different bi- 
metallic combinations reported in the litera- 
ture (I-19) suggest many similarities, com- 
parison between the different catalysts is 
difficult, since different authors have used 
different supports, methods of prepara- 
tions, and metal loadings. The main objec- 
tive of this paper is to compare systemati- 
cally the chemical state of the metals in a 
series of identically prepared FeMiSiOg 
catalysts (M = Ru, Rh, Pd, Ir, Pt), as a 
function of reduction, oxidation, and che- 
misorption of CO, by means of Mossbauer 
spectroscopy and X-ray photoelectron 
spectroscopy (XPS). 

The choice of catalyst treatments prior 
to spectroscopic measurements has been 
based on two types of experiments reported 
in the literature. First, many authors have 
shown that when a reduced supported FeM 
catalyst is oxidized by exposing it to the 
air at room temperature, reexposure of the 
passivated catalyst to HZ at room tempera- 
ture leads to partial or sometimes even 
complete reduction of the iron in the cata- 
lyst (1-8, 12, 14, 29). Rereduction of iron 
oxide by HZ at room temperature has not 
been observed in monometallic iron cata- 
lysts. Second, we have recently shown that 
in situ Mossbauer spectra of FeRu/SiOz 
and FeRh/SiO:! change upon chemisorp- 
tion of strongly adsorbing gases such as 
NH3 and CO (18). As spectral changes in- 
duced by chemisorption at room tempera- 
ture are in general associated with iron spe- 
cies located at the surface of the catalyst, 
such experiments yield information on 
the surface phases present in the bimetal- 
lic catalysts. 

Our results show that the FeM/SiOz cata- 
lysts display many similarities with respect 
to reduction, oxidation, and chemisorption. 
Differences between the catalysts can be 
correlated with the position of the more no- 
ble Group VIII metal M in the periodic ta- 
ble. The results support certain models for 
the structure of an FeM/SiO1 catalyst, 
whereas certain other models can be ex- 
eluded . 

EXPERIMENTAL 

The bimetallic catalysts were prepared 
by pore volume impregnation. An aqueous 
solution containing the desired amounts of 
the two metals was added dropwise to the 
SiOZ support (Cab-0-Sil, EH-5, 310 m*/g) 
under frequent stirring until the incipient 
wetness point was reached. Starting mate- 
rials were RuCl3 * xHzO (37 wt% Ru), RhCl, 
* xHzO (38 wt% Rh), PdCL, H21rC16 . 6H20, 
H,PtCl, * 6H20 (all Merck, P.A.), Fe(NO& 
. 9H20 (Baker, J.T.), and Fe203 (90% en- 
riched in 57Fe, Oak Ridge). The latter was 
reduced in flowing H2 at 775 K for 16 h and 
next dissolved in 2 N HN03. All impregnat- 
ing solutions had pH 1. Concentrations of 
the constituents were chosen such that the 
bimetallic catalysts contained equal molar 
amounts of the two metals, with a total 
metal loading of 5 wt%, whereas about 10% 
of the iron in the catalysts was 57Fe. 

Impregnated catalysts were dried in air at 
room temperature for several days, at 325 
K for 24 h, and finally at 400 K for 72 h. 
Quantities of about 300 mg of catalyst were 
pressed into wafers with a diameter of 20 
mm, using a pressure of 100 atm. All further 
treatments of the catalysts took place in the 
Mossbauer in situ reactor which has been 
described elsewhere (19, 20). The gases H2 
(Hoekloos, purity >99.9%) and CO (Hoek- 
loos, >99.5%) were each purified over a re- 
duced copper catalyst (BASF, R3-11) and a 
molecular sieve (Union Carbide, 5A). 

Mossbauer spectra were measured in situ 
with a constant acceleration spectrometer 
equipped with a s7Co-in-Rh source. Spectra 
were not corrected for the varying distance 
between source and detector. Isomer shifts 
are reported with respect to sodium nitro- 
prusside (SNP) at 295 K. Magnetic fields 
were calibrated with the 515 kOe field of (Y- 
Fe203 at 295 K. Mossbauer spectra were 
fitted by computer with calculated subspec- 
tra consisting of Lorentzian-shaped lines, 
by varying the Mossbauer parameters in a 
nonlinear, iterative minimization routine. 
In the case of quadrupole doublets the line- 
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widths and the absorption areas of the con- 
stituent peaks were constrained to be 
equal. 

2.85 

XPS spectra were measured with an AEI 
ES 200 spectrometer, equipped with MgKa 
and AlKa X-ray sources. Catalysts were re- 
duced, or heated to remove adsorbed H20, 
in a pretreatment chamber. After evacuat- 
ing the latter to a pressure of about lo-’ 
Ton-, the sample was transferred to the 
measurement chamber. Typical pressures 
in this section were between lO-‘O and 10-l’ 
Torr, obtained with turbomolecular and Ti- 
sublimation pumps. 

2.70 

0.83 
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RESULTS 

Reduced Catalysts 

Figure 1 shows the 57Fe Miissbauer spec- 
tra of the reduced bimetallic catalysts, mea- 
sured in situ at room temperature. We note 
that reduction at higher temperatures up to 
875 K or for longer periods did not lead to 
different M(issbauer spectra, and hence the 
spectra in Fig. 1 refer to the maximum stage 
of iron reduction obtainable in the tempera- 
ture range up to about 875 K. It is seen that 
the spectra of SiOz-supported FeRu, FeRh, 
FeIr, and FePt catalysts are rather similar 
and consist of Miissbauer singlets and 
quadrupole doublets, whereas the spectrum 
of reduced FePd/SiO* exhibits magnetic 
splitting. We will now discuss the computer 
fits to these spectra; the corresponding 
Miissbauer parameters are given in Table 1. 

1.00 1.00 

0.99 0.99 

0.96 0.96 

,I 
-10 -10 -5 -5 0 0 5 5 10 10 

- 00ppkr V~IOCI~Y Pm/, ) - 00ppkr V~IOCI~Y Pm/, ) 

FIG. 1. Mdssbauer spectra of reduced 1 : 1 FeMiSiOz 
(M = Ru, Rh, Pd, Ir, Pt) catalysts measured in situ 
under HZ at room temperature. 

The spectrum of 1: 1 FeRu/SiOz has been 
analyzed as a combination of two doublets, 
one with the Miissbauer parameters of hcp 
FeRu bulk alloy, as reported by Rush et al. 
(21) and by Williams and Pearson (22), and 
the other with the parameters of a high-spin 
Fe3+ compound. The small contribution 
(~5%) from an Fez+ compound, visible at 2 
to 2.5 mm/s, has been ignored in the fit. The 
inclusion of a doublet of hcp FeRu alloy is 
in agreement with the FeRu phase diagram, 
which indicates that FeRu alloys containing 
between 0 and about 76 at.% of iron have 

spectrum of FeRu/SiOz may also be inter- 
preted as the combination of a broad singlet 
due to superparamagnetic metallic iron and 
a doublet of Fe3+. However, a Miissbauer 
spectrum of the reduced FeRu/SiOz cata- 
lyst at 4 K showed that magnetically split 
patterns of zero-valent iron were absent 
(24). Hexagonal FeRu alloys, on the other 
hand, do not exhibit magnetic splitting at 4 
K (21), and hence the 4 K spectrum of 
FeRu/SiOl confirms the presence of an hcp 
FeRu alloy phase. 

The spectrum of I : 1 FeRh/SiOz has been 
analyzed as a singlet corresponding to fee 
FeRh bulk alloy, in agreement with Chao et 
al. (25), and a doublet of high-spin Fe3+. 
Isolated metallic iron is not observed. A 
previous investigation of the FeRh/Si02 

the hcp structure (23). In principle, the system with in situ M(issbauer spectros- 
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TABLE 1 

Mossbauer Parameters of Reduced 1: 1 FeM/SiOz Catalysts 

Catalyst Iron state 
(mE/s) 

QS 
(mm/s) 

H LW Percentage of 
We) (mm/s) area 

FeRu/SiOz Fe0 0.27 0.19 0.25 18 
Fe)+ 0.64 0.59 0.74 82 

FeRh/SiOz Fe0 0.31 - 0.51 41 
Fe3+ 0.76 0.94 0.71 53 

FePd/SiOz Fe0 0.29 334 0.45 45 
Fe0 0.47 280 0.95” 50 
Fe?+ 1.24 1.50 0.72 5 

FeIr/SiO,, Fe0 0.33 0.49 26 
Fe’+ 0.76 0.96 0.64 74 

FePt/Si02 Fe0 0.54 0.46 0.55 45 
Fe’+ 0.86 1.10 0.61 55 

Note. Accuracies: IS = 0.03 mm/s; QS = 0.06 mm/s; LW = 0.10 mm/s; area = 5-10%. 
L? Linewidth outer lines sextuplets. 

copy at cryogenic temperatures (16) 
showed that the single peak in the spectrum 
at 295 K corresponds to a singlet at 77 K and 
a broad and poorly resolved sextet at 4 K. 
The sextet of metallic iron could not be de- 
tected. These results support the assign- 
ment of the singlet at 295 K to fee FeRh 
alloy and exclude the presence of super- 
paramagnetic metallic iron. 

The spectrum of reduced 1 : 1 FePdlSiOz 
consists mainly of two magnetically split 
contributions, one with the Mossbauer pa- 
rameters of metallic iron, and the other 
with a magnetic hyperfine splitting charac- 
teristic of bee FePd bulk alloy (26, 27). The 
latter sextet consists of broadened lines 
typical for a distribution in magnetic fields, 
which reflects a distribution in magnetic en- 
vironments of the iron atoms in the FePd 
alloy. In order to obtain a good fit to the 
central part of the spectrum, an additional 
doublet with the parameters of Fe2+ ions 
had to be included in the fit. Evidence for 
the presence of significant amounts of Fe3+ 
as in FeRh/SiOz and FeRu/Si02 could not 
be found. The interpretation of the FePd/ 
SiOz will be discussed in more detail else- 
where (28), but we note here that the de- 
gree of iron reduction is very high. About 
95% of the spectrum of reduced FePd/Si02 

is due to Fe0 in either metallic iron or FePd 
alloy. 

The Mossbauer spectrum of reduced 1: 1 
FeIr/SiOz was fitted with a singlet corre- 
sponding to fee FeIr alloy as reported by 
Mossbauer et al. (29), and a doublet of 
high-spin Fe3+ ions. Significant contribu- 
tions of metallic iron are not observed. As 
the isomer shift of the singlet, 0.33 + 0.03 
mm/s, is significantly higher than that of 
metallic iron, 0.26 mm/s, and as, to the best 
of our knowledge, the isomer shift of super- 
paramagnetic metallic iron is equal to that 
of the bulk phase (36), we believe that the 
assignment of the singlet in the spectrum of 
reduced FeIr/Si02 to superparamagnetic 
metallic iron instead of fee FeIr can be ex- 
cluded. As only 26% of the Mossbauer 
spectrum of 1 : 1 FeIr/Si02 corresponds to 
zero-valent iron, the assignment of the Fe0 
subspectrum to fee FeIr alloy can be recon- 
ciled with the FeIr phase diagram, which 
predicts the fee structure for alloys with 
iron contents between 0 and about 45% 
(23). 

The computer analysis of the 1 : 1 FePt/ 
SiO;? spectrum was less straightforward. In- 
vestigations of FePt bulk alloys with iron 
contents between 24 and 34.5% by Palaith 
et al. (30) show that the corresponding j7Fe 
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Mossbauer spectra consist of a single line 
with isomer shift between 0.55 and 0.58 
mm/s with respect to SNP. Bartholomew 
and Boudart (8) reported that the Moss- 
bauer spectrum of an ordered tetragonal 
FePt alloy consists of a doublet with an iso- 
mer shift of about 0.56 mm/s and a quadru- 
pole splitting of 0.42 mm/s. Computer anal- 
ysis of our 1: 1 FePt/SiOz spectrum in terms 
of an FePt singlet and an Fe3+ doublet 
yielded unrealistic values of the Mossbauer 
parameters, but a fit with two doublets 
results in parameters for the FePt alloy in 
agreement with those reported by Bartholo- 
mew and Boudart (a), whereas the second 
doublet corresponds to high-spin Fe3+ ions. 
The isomer shift of the Fe3+ doublet, how- 
ever, is significantly higher than that of the 
Fe3+ doublets of the FeRu, FeRh, and FeIr/ 
Si02 catalysts. 

XPS was used to determine the oxidation 
state of the noble metal in the reduced FeMI 
SiOz catalysts. The experiments were done 
with the same samples that had been used 
before for the Mossbauer experiments. The 
catalysts were rereduced in the XPS pre- 
treatment chamber under HZ at about 700 
K. It was checked with Mossbauer spec- 
troscopy that this rereduction treatment 
brings the iron in the FeMISiO;! catalysts 
back to the same state as after reduction of 
the fresh catalyst. 

As a representative example of the XPS 
experiments we show the spectra of re- 
duced 1: 1 FeRh/SiOz in Fig. 2. The binding 
energy scale has been corrected for electri- 
cal charging of the nonconductive SiO2 sup- 
port by using the Si 2p signal as an inter- 
nal reference. The binding energy of Si 2p 
photoelectrons in SiOz is 103.4 eV (31). 
However, differences in charging may be 
present between the alloy and the support, 
leading to systematic errors in the binding 
energies of the order of a few tenths of an 
electron volt. Figure 2 shows that the Rh 3d 
spectrum is of satisfactory quality, whereas 
the signal to noise ratio in the Fe 2p spec- 
trum is rather poor. This is also the case in 
the XPS spectra of the other 1: 1 FeMISiOz 

Fe 2p 
I 1 , I I 1 

730 720 tie 760 
BE WI 

Si 2p :‘: 
-+---L-J Na I 
120 110 loo 

BE (eJ” 

FIG. 2. XPS spectra of reduced 1: 1 FeRh/SiOz cata- 
lyst. The BE scale has been corrected for electrical 
charging of the sample by means of the Si 2p signal. 

catalysts. Therefore, the XPS spectra have 
only been used to draw conclusions on the 
state of the noble metal M. We note, how- 
ever, that the Fe 2p spectrum in Fig. 2 is in 
qualitative agreement with the conclusions 
derived from the FeRh/SiO* Mossbauer 
spectrum in Fig. 1, as the Fe 2p312 signal in 
Fig. 2 does show contributions at binding 
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energies characteristic of iron metal (706.8 
eV) and of oxidic iron (710-711 eV) (31). 

The binding energies of the photoelec- 
trons from the noble metals in the reduced 
1 : 1 FeM/SiOz catalysts are given in Table 
2, along with the literature values for these 
metals in the zero-valent state. For Pt 4f,,2 
electrons we found a binding energy of 71.4 
eV, whereas in Pt metal it is 70.9 eV (31). 
As the binding energies of Pt 4f& electrons 
in chlorides and oxides of Pt are 73.4 eV 
and higher (31), we assign the 71.4-eV 
peak in the spectrum of reduced FePt/SiOz 
to zero-valent Pt. The binding energy of Pd 
3& electrons in FePd/Si02 was 335.7 eV, 
which is somewhat higher than the values 
reported for Pd metal, between 334.9 and 
335.4 eV (31). The binding energies of Pd 
3d512 electrons in PdO and PdC& are 336.2 
and 337.5 eV, respectively (31). As the Pd 
3d5,2 peak in the spectrum of reduced FePd/ 
SiOZ is not broadened with respect to the Si 
2p reference peak, there is no indication 
that the Pd peak should be attributed to a 
mixture of Pd metal and oxide or chloride. 
Therefore, we assign the Pd 3d512 peak at 
335.7 eV to zero-valent Pd. The binding en- 
ergies of Ru and Rh 3ds,2 electrons in re- 
duced FeRu/SiOz and FeRh/SiOz are equal 
to the values reported for the metals. We 
conclude that in reduced FeM/SiOz (M = 
Ru, Rh, Pd, Pt) the noble metal M is in the 
zero-valent state and we will assume that 
this conclusion holds for Ir in FeIr/SiOz as 
well. 

TABLE 2 

Binding Energies of the Metal M in Reduced 1 : I 
FeM/SiOZ Catalysts, along with the Literature 

Values for Zero-Valent M (31) 

Catalyst 

FeRu/Si02 
FeRh/SiOZ 

FePd!SiOz 

FePt/Si02 

Photoelectrons 

Ru 3&z 
Rh 3&z 
Rh 3dy: 
Pd 3&i: 
Pd 3dm 
Pt 4&/Z 

4fvz 

BE (eV) 

Measured Literature 

219.6 279.7-280.0 
307.1 307.0 
311.7 311.8 
335.7 334.9-335.4 
341.0 340.2-340.7 

71.4 70.9 
74.4 74.2 

TABLE 3 

Composition of the Mossbauer Spectra of FeM/SiOz 
Catalysts after a Series of Different Treatments, as 

Given in Fig. 3 

Treatment Iron 
state 

FeRu FeRh FeIr FePt 
(%) (So) 60) (%) 

Fresh Fe’+ loo 100 100 100 
Reduced Fe0 18 47 26 45 

Fe’+ 82 53 74 55 
co Fe0 18 52 38 44 

Fe’+ 17 30 19 25 
Fe’+ 65 IS 43 31 

Air Fe0 0 6 7 IO 
Fe’+ 100 94 93 90 

co Fe0 0 17 20 32 
FeZi 6 42 53 51 
Fe3+ 94 41 27 11 

w Fe0 0 22 II 42 
Fe*- 20 41 10 0 
Fe)+ 80 31 79 58 

0 After exposure of the catalysts to air. 

Catalysts under CO, 02, and Hz 

In this section we will report systematic 
investigations of the sensitivity of the FeMI 
SiOz catalysts toward chemisorption of CO, 
exposure to air and rereduction by HZ, all at 
room temperature. The Mossbauer spectra 
of SiOz-supported FeRu, FeRh, FeIr, and 
FePt are presented together in Fig. 3, and 
spectral compositions are listed in Table 3. 
The spectra of FePd/Si02 will be discussed 
separately. We note that the total resonant 
absorption areas of all spectra belonging to 
one FeM/Si02 sample were equal within 
10%. Hence, comparison of spectral contri- 
butions expressed as percentages as in Ta- 
ble 3 is justified. 

The spectra of the fresh catalysts all con- 
sist of a doublet with IS = 0.63 5 0.03 mm/s 
and QS = 0.84 + 0.06 mm/s, characteristic 
of Fe3+ ions in highly dispersed iron(II1) ox- 
ides or oxyhydroxides (16, 32). The spectra 
of the reduced catalysts have been dis- 
cussed in the previous section. We repeat 
here that all spectra of the reduced cata- 
lysts in Fig. 3 consist of a singlet, or a dou- 
blet with a small splitting, of Fe0 in the FeM 
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alloy and a symmetrical doublet of Fe3+ 
ions which are resistant to reduction by HZ 
at temperatures up to 875 K. 

Exposure of the reduced catalysts to CO 
at 295 K leads to the formation of an Fe2+ 
phase, which is easily recognized in the 
spectra by the peak at about 2-2.5 mm/s. 
Such peaks represent the right half of a 
quadrupole doublet with its low-velocity 
counterpart in the 0 mm/s region of the 
spectrum. The average Mossbauer parame- 
ters of this doublet are IS = 1.45 + 0.05 
mm/s and QS = 2.15 + 0.25 mm/s, and indi- 
cate that the coordination of the Fe2+ ions is 
octahedral or distorted octahedral (26, 33). 
The Fe*+ doublets have been formed at the 
expense of the Fe 3+ doublets in the spectra 
of the reduced catalyst (Table 3). The per- 
centage of Fe3+ in reduced FeMISiOz con- 
verted to Fe*+ by CO at 295 K is 20% for 
FeRu/Si02, 60% for FeRh/Si02, 30% for 
FeIr’Si02, and 45% for FePt/SiOz. These 
results show that considerable fractions of 
the iron(II1) oxide in the reduced FeMlSiOz 
catalysts are accessible to and affected by 
CO chemisorption at room temperature. 
Implications of these results for the struc- 
ture of the catalysts will be discussed later. 

On exposing the FeM/SiOz catalysts to 
air at 295 K all Fe2+ and practically all Fe0 
present in the reduced catalysts under CO 
are oxidized to Fe3+, as shown by the 
Mossbauer spectra of the passivated cata- 
lysts (Fig. 3 and Table 3). Garten and Ollis 
(1) have shown that the degree of iron oxi- 
dation of passivated FePd/A1203 catalysts 
can be taken as a qualitative measure of the 
dispersion. In this respect it is seen that the 
dispersion of the FeM/Si02 catalysts is 
high. 

Note that, in principle, two Fe3+ com- 
pounds are expected in the passivated 
FeM/Si02 catalysts, one in the passivation 
layer on the alloy particles and the other 
corresponding to the irreducible iron oxide 
which was already present in the reduced 
catalysts. Unfortunately, these two Fe3+ 
species cannot be distinguished in the 
Mossbauer spectra. 

When the passivated FeMISi02 catalysts 
are exposed to CO at 295 K, reduction of 
Fe3+ to Fez+ occurs, to some extent in 
FeRu/Si02, but to a considerable degree in 
FeRh, FeIr, and FePt/SiO, (Fig. 3 and Ta- 
ble 3). Within the limits of accuracy, the 
Fe2+ Mossbauer parameters are identical to 
those of the Fe2+ in the reduced catalysts 
under CO, suggesting that the Fe*+-CO ge- 
ometries in the reduced and in the passiv- 
ated catalysts under CO are similar. Note 
that in passivated FeRh, FeIr, and FePt/ 
Si02 the amount of Fe2+ formed by CO is 
greater than in the reduced catalysts. In re- 
duced and in passivated FeRuSi02, how- 
ever, the amount of Fe2+ formed by CO is 
roughly the same. Again we note that the 
CO-induced conversion of Fe3+ to Fe*+ can 
in principle occur on two different sites, 
namely, the passivated alloy and the irre- 
ducible iron oxide. 

As the results in Fig. 3 and Table 3 show, 
passivated FeM/Si02 catalysts can be re- 
duced by H2 at 295 K, to a variable degree. 
In FeRu/SiO2 and FeRh/SiO* reduction of 
Fe3+ proceeds no further than Fe*+, but in 
FeIr/Si02 and FePt/SiO, reduction occurs 
even to FeO. It appears that exposure of 
passivated FePt/SiO, to H2 at 295 K is as 
effective as reduction by H2 at 725 K. The 
extent of rereduction of passivated FeMI 
Si02 by H2 at 295 K increases in the order 
FeRu/Si02 < FeRh/Si02 < FeIr/Si02 < 
FePt/Si02, which correlates with the posi- 
tion of the noble metal in the periodic table. 

Finally, when the FeM/Si02 catalysts un- 
der H2 are again exposed to air, the same 
Mossbauer spectrum is measured as for the 
reduced FeMISi02 catalysts after exposure 
to air. 

The FePdlSi02 catalyst behaved differ- 
ently. The Mossbauer spectrum of reduced 
FePd/SiO* (Fig. 4a) did not change signifi- 
cantly upon chemisorption of CO. This is 
not surprising when it is realized that CO- 
induced changes in the other FeM/Si02 cat- 
alysts involved the Fe3+ ions only, and that 
Fe3+ contributions in the FePd/SiOz are 
hardly present. Exposure of the reduced 
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FIG. 4. Mossbauer spectra of a 1: 1 FePd/Si02 cata- 
lyst, (a) reduced in H2 at 800 K, (b) exposed to air at 
295 K, and (c) rereduced in Hz at 295 K. All spectra 
were measured in the in situ reactor at room tempera- 
ture. 

been observed with monometallic Fe/SiOz 
catalysts. This suggests that the noble 
metal plays an important role in these pro- 
cesses. Therefore, XPS was applied to de- 
termine the oxidation state of the noble 
metal in the passivated catalysts. 

The FeM/SiOz catalysts, which have 
been used for Mossbauer experiments and 
kept under air, were heated in the XPS pre- 
treatment chamber to remove adsorbed wa- 
ter. In the cases of FeRh, FePd, and FePt 
on SiOz the noble metal XPS spectrum was 
virtually identical to that of the reduced cat- 
alyst. Hence, we conclude that upon expo- 
sure of the reduced FeRh, FePd, and FePt 
on SiO2 to the air at room temperature the 
noble metals remain in the reduced state. 
The Ru 3d spectrum of FeRu/SiOz, how- 
ever, did change upon exposing the catalyst 
to air at 295 K. As Fig. 5 shows, the Ru 3&z 
peak in the spectrum of reduced FeRu/SiOz 

FePd/SiOz catalyst to air resulted in oxida- 
tion of some of the o-Fe and FePd alloy into 
Fe3+, visible as a doublet in Fig. 4b. In com- 
parison to the other FeM/SiOz catalysts 
only a relatively small fraction of the Fe0 is 
affected by air, suggesting that the disper- 
sion of the FePd/SiOz is only low. Exposure 
of the passivated FePd/SiO* catalyst to HZ 
at 295 K resulted mainly in the partial re- 
duction of some of the Fe3+ ions to Fe2+, as 
indicated by the increased Mossbauer ab- 
sorption in the 2.5 mm/s range of the spec- 
trum (Fig. 4~). Reduction of Fe3+ to FeO, 
however, was not observed. The Mossbauer 
parameters of the ferrous component in the 
rereduced FePd/SiOz catalyst are charac- 
teristic of coordinatively saturated Fez+ 
ions, whereas the parameters of Fe*+ in re- 
duced FePd/Si02 are indicative for a tetra- 
hedral coordination. A similar situation has 
been observed in FeRh/Si02 catalysts in in- 
termediate stages of reduction (14). 

The remarkable reduction of Fe3+ ions in 
the passivated FeM/Si02 catalysts by CO 
and by H2 at room temperature has not 

Fo Ru /SO, 

FIG. 5. XPS spectra of a 1: 1 FeRu/Si02 catalyst 
after reduction in H2 at 850 K and after exposure to air 
at room temperature. The BE scale has been corrected 
for electrical charging of the sample. The C 1s signal at 
about 285 eV is due to a carbon contamination on the 
catalyst. 
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is a rather sharp line at binding energy 279.7 
eV. This peak has broadened and shifted to 
an average binding energy of 280.3 eV in 
the spectrum of the passivated FeRu/SiOz 
catalyst. We propose that the latter is due 
to the presence of both Ru metal (BE = 
279.7 eV) and Ru oxide (BE = 281-283 
eV) (31), which would explain why the 
peak has broadened and shifted to a binding 
energy intermediate between Ru metal and 
oxide. Note that in the spectrum of Fig. 5 
the Ru 3& photoelectron peak is of little 
use, since it overlaps with the C Is peak of 
a carbon contamination which was ob- 
served in all our samples at a binding en- 
ergy of about 284.6 eV. 

DISCUSSION 

Reduced Catalysts 

In reduced silica-supported FeM cata- 
lysts (M = Ru, Rh, Pd, Ir, Pt) the noble 
metal M occurs entirely in the reduced 
state. Except in FePd/SiOz, iron is only par- 
tially reduced. Between 50 and 80% of the 
iron is present as Fe3+, which is resistant to 
reduction by HZ at temperatures up to 875 
K, the highest temperature obtainable in 
our in situ reactor. The zero-valent iron 
forms an FeM alloy with an unknown 
amount of the noble metal M. The occur- 
rence of the FeM alloys as hcp FeRu, fee 
FeRh, fee FeIr, and tetragonal FePt indi- 
cates that the alloy particles are rich in the 
noble metal as follows from the phase dia- 
grams (23). In reduced FePd/SiOz iron is to 
a large extent reduced and is present as (Y- 
Fe and as bee FePd. Only about 5% of the 
iron in FePd/Si02 occurs as ionic iron. 

The presence of substantial amounts of 
unreduced iron in reduced FeRu/SiOz has 
also been observed by Deszi et al. (9, IO), 
and by Guczi et al. (11). Lam and Garten 
(5) and Vannice et al. (6), on the other 
hand, measured similar Mossbauer spectra 
with FeRu/SiOz as reported in Refs. (9-21) 
and the present paper, but these authors 
proposed that the doublet, which we assign 

to Fe3+, is due to Fe0 atoms at the surface of 
the FeRu alloy. Garten and Sinfelt (7) fa- 
vored the same interpretation for Moss- 
bauer spectra of reduced Felr and FePt on 
A1203. Also in this case they assigned a 
doublet to Fe0 atoms at the surface of the 
alloy, in spite of the fact that the isomer 
shift of the doublet is characteristic of Fe3+ 
rather than FeO. Lam and Garten (5) attrib- 
uted the difference of 0.4 mm/s in isomer 
shift to a difference in atomic volume be- 
tween atoms in the interior and at the sur- 
face of the particles. 

Increased values for the isomer shift of 
surface atoms have been reported in the lit- 
erature. The effect, however, is usually 
rather small. Wiartalla et al. (34) reported 
that the isomer shift of iron atoms in the 
surface of y-Fe was 0.02-0.03 mm/s higher 
than for atoms in the bulk. Clausen et al. 
(35) found an increase between 0.16 and 
0.24 mm/s for the isomer shift of surface 
atoms in Fe/SiOz catalysts. Demonstration 
of this effect, however, required that spec- 
tra were measured at 78 K and in an applied 
magnetic field of about 12 kG. Distinct con- 
tributions of surface atoms could not be de- 
tected in Mossbauer spectra at 4, 77, and 
295 K of 2-nm a-Fe particles in carbon-sup- 
ported catalysts (36). 

Furthermore, as we have discussed in de- 
tail elsewhere, assignment of the doublet in 
the spectra of FeIr/AlzO3 and FePt/A1203 to 
Fe0 does not seem consistent with the spec- 
tra of these catalysts at liquid-helium tem- 
perature (3, which clearly show the pres- 
ence of magnetic hyperline splittings up to 
450 kOe (16). Such values are much higher 
than the fields observed with FeIr and FePt 
bulk alloys, or with Q-Fe; on the other 
hand, they are consistent with the presence 
of Fe3+ ions. 

The experiments with the FeM/Si02 cata- 
lysts under CO provide further support for 
the assignment of the doublet in the spectra 
of reduced catalysts to Fe3+. As shown in 
Fig. 3 and Table 3, considerable amounts of 
Fe2+ are formed upon exposing either the 
reduced or the air-passivated catalysts to 
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CO. Similar results were obtained upon ex- 
posing FeRuBi02 and FeRh/SiOz catalysts 
to NH3 (18, 37). We note that CO-induced 
formation of Fe2+ from Fe3+ at 295 K has 
not been observed in monometallic Fe/ 
SiOz; hence it reflects the presence and in- 
fluence of the noble metal. In our inter- 
pretation, the formation of Fe2+ in both 
reduced and passivated catalysts corre- 
sponds to the reduction of Fe3+ to Fe2+ by 
CO or NH3, engendered by the presence of 
the noble metal. If we use the picture pro- 
posed by Garten and co-workers (5-7) 
and assign the surface doublet to FeO, then 
formation of Fe2+ in the reduced FeM/Si02 
catalyst under CO or NH3 would corre- 
spond to oxidation of Fe0 to Fe2+ under in- 
fluence of the noble metal, whereas in pas- 
sivated catalysts it would correspond to 
reduction of Fe3+ by CO or NH3. Oxidation 
of Fe0 by oxygen atoms originating from 
dissociated CO can perhaps not be ex- 
cluded, but oxidation of Fe0 by NH3 seems 
unlikely. 

The question remains why some of the 
iron in reduced FeM/Si02 is so resistant to 
reduction by H2 in the presence of a noble 
Group VIII metal, which is thought to cata- 
lyze the reduction of the less noble compo- 
nent, iron. We propose the following pic- 
ture. It is well known that the behavior of 
small alloy particles depends on the state of 
its surroundings. Chemisorption-induced 
surface segregation of the component 
which forms the strongest bond with the 
chemisorbed gas is a good example (38). 
Likewise, we suggest that in supported al- 
loy particles the alloy-support interface 
has a tendency to be enriched in the compo- 
nent which is most strongly bound to the 
support. The common experience with 
highly dispersed Fe/Si02 catalysts is that 
the degree of iron reduction is low, indicat- 
ing that iron ions are stabilized by the ox- 
idic support (17). Si02-supported noble 
metals, on the other hand, can easily be 
reduced to near 100%. We suggest that in 
bimetallic Feit4/Si02 catalysts the particle- 
support interface is enriched in iron, which 

is stabilized as Fe3+ by the SiO2 support. As 
a substantial fraction of the Fe3+ is accessi- 
ble to adsorbing gases such as CO and NH3, 
it seems likely that these Fe3+ ions are pref- 
erentially located in the periphery of the al- 
loy particles, on the support. This interpre- 
tation would be consistent with the earlier 
reported observation that the degree of iron 
reduction decreases with decreasing size of 
the FeRu alloy particles in FeRu/Si02 cata- 
lysts (18). 

Although the presence of Fe3+ in reduced 
FeM/Si02 catalysts seems well established 
(9-13, 16, 18, 19), it is still not clear why 
unreduced iron is stabilized in the ferric and 
not in the ferrous state as in many sup- 
ported iron catalysts (17). In this respect, 
factors such as size differences, covalency 
and crystal field stabilization effects, and 
the influence of hydroxyl groups on the 
support may be the reason that Fe3+ is fa- 
vored over Fe2+ in bimetallic catalysts. It is 
interesting to note, however, that promoted 
iron catalysts for ammonia synthesis (17) 
and Fischer-Tropsch synthesis (39) also 
contained some Fe3+ after reduction. 

Passivated Catalysts 

When reduced FeMISi02 catalysts are 
passivated by exposing them to air at room 
temperature, most of the iron is oxidized to 
iron(II1) oxide. For clarity, we note that the 
air-passivated catalysts most probably con- 
tain two different Fe3+ species, correspond- 
ing to the passivation layer on top of the 
alloy particles and to the unreduced iron 
which was already present in the reduced 
catalysts. In the least noble bimetallic com- 
bination, FeRu/Si02, about half of the ru- 
thenium is oxidized. In all other FeM/Si02 
catalysts studied here the noble metal re- 
mains in the zero-valent state. 

For FeRh/Si02, this result is in agree- 
ment with earlier conclusions from experi- 
ments in which TPO (temperature-pro- 
grammed oxidation) was combined with 
Mossbauer spectroscopy (15). It was found 
that temperatures up to 775 K were neces- 
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sary to oxidize the reduced FeRh/Si02 cata- 
lyst completely. Mossbauer spectra, on the 
other hand, showed that most of the iron 
was already oxidized at room temperature. 
Combination of the two results indicated 
that the oxidation state of Rh in air-passiv- 
ated FeRh/SiOz is zero. This conclusion is 
by no means trivial, as various authors re- 
ported that TPO experiments of Rho on 
SiO2, A1203, or TiOz supports show consid- 
erable Oz-uptake at room temperature, indi- 
cating the formation of a rhodium oxide 
passivation layer (2.5, 4042). 

All passivated FeM/SiOz catalysts show 
partial reduction of Fe3+ by H2 at room tem- 
perature, in agreement with the literature 
(1-8, 22, 14). As we have argued before, 
the zero-valent noble metal provides the 
sites where molecular hydrogen can be ad- 
sorbed and dissociated to yield H atoms 
which are capable of reducing Fe3+ at rela- 
tively low temperatures (15, Z8). This sim- 
ple mechanism, which has been called in- 
traparticle hydrogen spillover (43)) does 
not, however, explain why Ru, Rh, and Pd 
promote reduction of Fe3+ to Fe2+, whereas 
Ir and Pt promote reduction of Fe3+ to FeO. 
Apparently, the mechanism of reduction is 
more complex than simple hydrogen spill- 
over from the noble metal to iron oxide 
only. Garten and Ollis (2) have suggested 
that Pd weakens Fe-O bonds in oxidized 
FePd/A1203 catalysts. In this respect, the 
present results suggest that the noble 
Group VIII metals weaken the Fe-O bonds 
to a variable extent and that this influence 
determines the degree of iron reduction in 
air-passivated FeM/SiOz catalysts. Listing 
the noble metals in order of increasing pro- 
moter strength for the reduction of Fe3+ at 
295 K, we obtain Ru < Rh = Pd < Ir < Pt, 
which happens to correlate with the posi- 
tion of those metals in the periodic table. 

When passivated FeRh, FeIr, and FePt 
on Si02 are exposed to CO, more Fe*+ is 
formed than in the reduced catalysts under 
CO, illustrating that air-passivated cata- 
lysts have more Fe3+ exposed to the gas 
phase than reduced catalysts. Passivated 

FeRu/Si02, on the contrary, is less sensi- 
tive toward CO. The difference between 
FeRu/SiOz on the one hand, and FeRh, 
FeIr, and FePt on Si02 on the other, is that 
part of the ruthenium becomes oxidized 
upon exposure of the FeRu/Si02 catalyst to 
air, whereas Rh, It-, and Pt remain reduced. 
As argued before (18), the Fe3+ to Fe2+ 
conversion by CO occurs under the influ- 
ence of the zero-valent noble metal. Hence, 
the low amount of Fe*+ in passivated FeRu/ 
SiOZ under CO can be related to the fact 
that part of the Ru is oxidized. 

Structure of the Catalysts 

The present results have implications for 
the structure of the catalysts. The changes 
in the Mdssbauer spectra observed when 
the catalysts are exposed to CO, are partic- 
ularly useful, as these experiments reveal 
the presence of Fe3+ ions at the surface. 
Similar effects as reported here for CO 
have also been observed with chemisorp- 
tion of NH3 on FeRu/Si02 catalysts (18). 
Additional information, which will turn out 
to be relevant toward understanding the 
structure of the FeMISi02 catalysts, fol- 
lows from spectra of passivated samples 
under CO. The latter experiments show 
that air-exposed FeRh, FeIr, and FePt on 
SiOz contain more surface Fe3+ than the re- 
duced catalysts (Fig. 3 and Table 3). 

The models in Figs. 6a-c are consistent 
with the present results. In all three models 
a substantial fraction of the Fe3+ ions is ac- 
cessible for chemisorption of gases. Oxida- 
tion of the alloy particles leads to the for- 
mation of Fe3+ ions at the surface of the 
alloy particles and hence the passivated 
catalysts contain more surface Fe3+ than 
the reduced catalysts. 

Two other structural arrangements of the 
iron phases in supported bimetallic cata- 
lysts, which have been suggested in the lit- 
erature, are represented by Figs. 6d and e. 

Garten and co-workers (5-7) suggested 
that the supported particles in FeRu/Si02 
consist of an FeRu alloy core covered by an 
Fee-containing surface phase, which gives 
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Models FeM/ SiO2 

0 iron (III) oxide 
0 FeM alloy 

FIG. 6. Models for the structure of reduced SiOz- 
supported FeRu, FeRh, FePd, FeIr, and FePt cata- 
lysts; see text for explanation. 

rise to a doublet in the Mijssbauer spectra. 
As discussed above, this doublet should be 
assigned to ferric iron and hence the model 
in Fig. 6d cannot be correct. We note that if 
one were to replace the surface alloy in Fig. 
6d by iron oxide, the model would still be in 
disagreement with our results, as it would 
not explain why the air-exposed catalysts 
contain more Fe3+ which is accessible to 
CO than the reduced catalysts. 

Yermakov and Kuznetsov (44) have sug- 
gested that supported alloy particles are 
bound to the support by means of metal 
ions, which serve as anchors (Fig. 6e). 
However, such anchors are covered by the 
alloy phase and are inaccessible to adsorb- 
ing gases. In order to explain the present 
results in terms of this model, one has to 
invoke the presence of accessible Fe3+ an- 
chors on the support as in Fig. 6b. These 
Fe3+ ions, however, should be influenced 
by reduced noble metal, as the Fe3+ to Fe*+ 
conversion by CO at 295 K has never been 
observed with monometallic Fe/Si02 cata- 
lysts. 

The models in Figs. 6a-c explain the 
results on Si02-supported FeRu, FeRh, 
FeIr, and FePt in this paper, and are also 

consistent with earlier TPR and TPO work 
on FeRh/SiOz (25). A detailed description 
of the model in Fig. 6c and the changes oc- 
curring upon exposing the catalysts to CO 
and air has been given in Ref. (28), and 
applies to Figs. 6a and b as well. 

It is not clear to what extent these models 
are valid for the FePd/SiO* catalyst. Obvi- 
ously, modifications to allow for the pres- 
ence of separate a-Fe can easily be made. 
However, as, first, the dispersion of the 
FePd/Si02 catalyst is considerably smaller 
than that of the other FeM/Si02 catalysts, 
and, second, the FePd/SiOz Miissbauer 
spectra are dominated by the magnetically 
split patterns of a-Fe and bee FePd, it is 
difficult to observe the small contributions 
of Fe*+ and/or Fe3+ doublets characteristic 
of the metal-support interface. A more de- 
tailed investigation of 1: 1 and 1: 5 FePd/ 
Si02 catalysts will be published elsewhere 
(28). 

In view of the models for the 1: 1 FeMI 
Si02 catalysts several other interesting 
questions can be asked, such as the genesis 
of the bimetallic catalysts, the surface com- 
position of the alloy particles, or the cata- 
lytic properties of ensembles which consist 
of noble metal atoms and iron ions. We 
hope to be able to answer some of these 
questions in the near future. 
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