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Low-temperature, high external magnetic field Mossbauer spectroscopy and ferromagnetic res- 
nance were used to characterize iron and iron-ruthenium bimetallic catalysts derived from molecu- 
lar clusters and supported on Cab-0-Sil. The Ru/Fe ratio varied between 1.6 and 6.0. These two 
methods enabled it to be unambiguously established that paramagnetic iron-ruthenium bimetallic 
particles of high dispersion are always present along with iron oxide after reduction at high temper- 
ature and in the CO + HZ reaction. Thus, for the catalysts investigated earlier (see J. Catal. 87, 179, 
1984) the catalytic behavior is attributable to iron-ruthenium bimetallic particles. A value of 3 nm 
has been estimated for the diameter of ferromagnetic metallic particles. 0 1986 Academic PESS, LX. 

INTRODUCTION 

Iron and ruthenium exhibit catalytic ac- 
tivity in the CO + H2 reaction, but for iron 
there is a decay in the catalytic activity due 
to the formation of inactive carbides. Alloy- 
ing iron with ruthenium results in a signifi- 
cant improvement in the stability of the 
catalytic system compared with a one- 
component iron catalyst (I, 2). 

Supported iron-ruthenium catalysts are 
assumed to combine the benefits of high 
dispersion and alloying. The existence of an 
iron-ruthenium interaction has been re- 
vealed mainly by determining the product 
distribution in the CO + H2 reaction and 
studying the oxidation-reduction cycles of 
these supported catalysts. Using Moss- 
bauer spectroscopy, Vannice et al. (3) 
found that ruthenium enhances the room- 
temperature reducibility of Fe3+ to Fe*+ at 
high Ru/Fe ratios on silica-supported cata- 
lysts with high metal loading. The doublet 
with an isomer shift of 0.38 mm s-i and 
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quadrupole splitting of 0.73 mm s-i was as- 
signed by these authors to a surface iron- 
ruthenium bimetallic cluster. Niemants- 
verdriet ef al. (4) recently disagreed with 
this assignment in view of their experimen- 
tal results on CO and NH3 chemisorption in 
which this doublet was assigned to Fe3+ 
species. Here the single line at 0.0 mm s-l 
in the room-temperature Mossbauer spec- 
tra was attributed to Fe-Ru alloy particles. 

At low metal loading (at or below 1 wt% 
metal) no sign of Fe(O) was observed (5) and 
even the reduction of Fe3+ to Fe*+ was diffi- 
cult on zeolites in the presence of ruthe- 
nium. 

However, using a mixture of Fe3(C0)i2 
and Ru3(CO)i2 on Cab-0-Sil the resulting 
catalytic activity (per unit weight of metal) 
in the CO + HZ reaction appeared to be at 
least one order of magnitude higher than 
any other bimetallic catalysts prepared 
from inorganic salt solution by the incipient 
wetness method (6). In addition, the ob- 
served selectivity is also indicative of the 
formation of bimetallic catalysts. Regard- 
less of the source of the molecular cluster 
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(i.e., whether it is a mixture of two mono- 
metallic clusters or a bimetallic cluster) the 
same behavior was found (7-12). 

Infrared spectroscopy has provided evi- 
dence that interaction between Fe3(C0),* 
and Ruj(CO)iZ commences during decom- 
position (9). On the other hand, if the start- 
ing material is a molecular bimetallic clus- 
ter, disintegration of the cluster framework 
occurs at 370 K with the formation of 
iron oxide and ruthenium carbonyl species 
(13). Similar behavior has been observed 
for other bimetallic systems such as 
H2FeOs3(CO)ij (14) and HzRuOs3 (CO),3 
(25). Carbon-supported iron-ruthenium 
catalysts prepared from bimetallic clusters 
and from a mixture of iron plus ruthenium 
carbonyls displayed distinct differences in 
their catalytic behavior, the latter catalyst 
being less homogeneous than the former 
(26). However, regardless of the carbonyl 
cluster source, after high-temperature re- 
duction in hydrogen the catalytic activity 
and selectivity displayed in the CO + Hz 
reaction reveal the existence of bimetallic 
species. In addition, other data also point to 
the presence of bimetallic particles, e.g., 
carbide formation-which is a common 
feature on iron-is retarded in the presence 
of ruthenium (IO). However, this phenome- 
non might be ascribed to the presence of 
very small particles, as was assumed by 
Blanchard et al. (17). For aerogel-sup- 
ported Fe203, these authors reported that 
the formation of a-iron is hindered, carbide 
phase formation is suppressed, and high 
catalytic activity is maintained. 

Since there is no direct evidence to sup- 
port the presence of iron-ruthenium bime- 
tallic particles, high-field Mossbauer spec- 
troscopy may be useful for studying the 
iron-ruthenium catalysts. This method rep- 
resents a tool for distinguishing between 
different magnetic behaviors of the metallic 
species formed in the catalysts during high- 
temperature treatments. The method has 
been successfully applied to investigate a 
silica-supported 5 wt% Fe + 5.3 wt% Co 
catalyst; the formation of Fe-Co bimetallic 

particles has been detected after different 
treatments (18). 

Other magnetic studies can also provide 
valuable information on supported cata- 
lysts. The presence of the ferromagnetic 
iron particles was revealed from static mag- 
netic measurements performed on carbon- 
supported iron catalysts (19). Ferromag- 
netic resonance (FMR) spectroscopy is also 
an efficient method for studying supported 
catalysts. The shape and the intensity of the 
signal are closely correlated with the form 
(20), structure (21), and the size distribu- 
tion (22) of ferromagnetic particles. Infor- 
mation on the first two parameters can be 
obtained from the simulation of FMR spec- 
tra (23); the size distribution can be deter- 
mined from the temperature dependence of 
the intensity of the measured signal (24). 
Alloy formation can also be revealed from 
the measurements as has been reported, for 
example, on Cu-Ni particles on a silica 
support (25). Decomposition products of 
iron carbonyls supported on magnesia (26) 
and silica (27) were also studied by FMR 
and in both cases metallic iron was found as 
the main product. 

In the present work we are concerned 
mainly with the characterization of metallic 
particles in the Fe-Ru system, and in par- 
ticular with the formation or iron-ruthe- 
nium bimetallic particles after reduction 
and under catalytic conditions. For this 
purpose a mixture of Fej(C0),2 and 
Ru~(CO)IZ as well as H2FeRu3(C0)13 + 
H2Fe2Ru2(C0)i3 supported on Cab-0-Sil 
have been used with a Ru/Fe ratio between 
1.6 and 6. Low-temperature (-1.5 K) 
Mossbauer spectra complemented by exter- 
nal magnetic fields up to 8 T as well as fer- 
romagnetic resonance allow us to obtain 
detailed structural information for these 
samples. 

EXPERIMENTAL 

Sample preparation. All samples were 
deposited on a Cab-0-Sil HS5 support (Ca- 
bot Corp., Tuscola, Ill.). Prior to the im- 
pregnation, the support was evacuated 
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overnight at 570 K. The apparatus used and 
further details of the impregnation are de- 
scribed in Part I (8). Samples 1 and 2 were 
made by a two-step impregnation process. 
First, the support was impregnated with 
iron dodecacarbonyl solution, then after 4 h 
of room-temperature drying under vacuum, 
ruthenium dodecacarbonyl was added from 
the second solution prepared from ethanol 
or dimethyl ether. Iron dodecacarbonyl 
was synthesized from iron isotopically en- 
riched with 50% 57Fe. Due to the difficulties 
in the microsynthesis of the bimetallic mo- 
lecular cluster containing 57Fe, separation 
of H2Fe2Ru2(C0)13 and H2FeRu3(C0)13 
could not be carried out without significant 
loss of 57Fe; thus, a mixture of the two mol- 
ecules in a 3 : 1 ratio was used for impregna- 
tion. The total metal loading was l-2 wt% 
where the metal percentage was deter- 
mined by X-ray fluorescence. The hydro- 
gen employed in decomposition and reduc- 
tion was purified using a supported Pd 
catalyst followed by a cold trap at liquid- 
nitrogen temperature. The carbon monox- 
ide (99.95% pure) used for the high-temper- 
ature CO + Hz reaction was supplied by 
Linde Company. 

Apparatus and procedure. The low-tem- 
perature measurements were carried out in 
“Super-Vari-Temp” flow-gas cryostats 
(Janis Res. Co.); the cryogen gas flushed 
the sample. The measurements below 4.2 K 
were performed at reduced He pressure in 
the sample chamber. The temperature mea- 
surement and control were based on cali- 
brated and uncalibrated silicon diodes, re- 
spectively. 

The high-temperature treatments were 
carried out in a furnace made for in situ 
Mossbauer measurements (Janis Res. Co.); 
the apparatus was similar to that described 
previously (a), but without the possibility 
of cooling the sample holder inside the fur- 
nace. The CO + Hz reaction mixture and 
the hydrogen flowed directly over the sam- 
ple. A chromel-alumel thermocouple was 
used to measure and control the tempera- 
ture (?I K). 

The external magnetic field for the Moss- 
bauer measurements was generated by a 
liquid-helium-cooled niobium-titanium su- 
perconducting magnet with the applied field 
being parallel to the y-ray propagation di- 
rection. The maximum value of the field 
strength was 8 T at 4.2 K. The Mossbauer 
spectrometer drive-rod/sample-holder as- 
sembly was incorporated with the foregoing 
superconducting magnet cryostat in the 
vertical mode with the y-ray source and ab- 
sorber at the same temperature. 

A 40-mCi 57Co (diffused into a rhodium 
matrix) y-ray source was used at ambient 
temperature, except for the high-field mea- 
surements. Metallic iron foil was used for 
the velocity calibrations and all of the iso- 
mer shift values are related to a-iron. The 
accuracy of the reported isomer shifts (IS) 
and magnetic splitting (ZZ& values are 
+0.02 mm s-i) and ? I .5 kOe, respectively. 

Mossbauer spectra were collected in 
Canberra 35, Elscint Promeda and Tracer 
Northern TN-1706 multichannel analyzers. 
The programs BURNS and SIRIUS were 
used for fitting the spectra. The procedure 
of the calculation assumes a Lorentzian 
shape for the Mossbauer lines (28). Usually 
only the number of lines was constrained in 
the fits of spectra (the exceptions are indi- 
cated in the text). 

FMR spectra were recorded on an X- 
band (9.3 GHz) spectrometer (ERS 220 
type) with 100 kHz modulation at various 
temperatures. A copper-constantan ther- 
mocouple was used to control the tempera- 
ture (*I K). Two parameters of the FMR 
spectra were used to characterize the sig- 
nals, viz. the intensity I, and the linewidth 
AZZpp (I was calculated using the equation Z 
= I’ AH&,, where I’ is the peak-to-peak 
height and AHpp is the width measured be- 
tween the two extreme values of the sig- 
nal). A further parameter, the relative in- 
tensity Z,, was also used to characterize the 
samples. This parameter is defined as the 
intensity ratio of the signal obtained at a 
given temperature related to that measured 
at the lowest temperature (0 < I, 5 I). 
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Sample 

TABLE I 

Composition and Treatment of Samples” 

Starting material RuiFe ratio Treatment/T(K) 

Fe#ZO),2 hexane 

Ru?(CO),~ ethanol 

Fe4CO),, hexane 

Ru~(CO),~ ether 
HZFe2Ruz(CO),1 and 

HIFeRul(COjII hexane 

FeI(COJIz hexane 

3.9 

6.5 

I.6 

0 

CO + HI 

570 

Hydrogen 

650 

CO + HZ 

610 

CO + Hz 

650 

“ Before treatment all samples were decomposed in hydrogen at 370 K. 

For sample characterization, the sup- 
ported carbonyl was first decomposed in 
hydrogen at 370 K for 3 h. The sample was 
then either reduced in hydrogen at 650 K or 
treated by a CO + HZ reaction mixture for a 
period between 2 and 7 days. After cooling 
in hydrogen or in the CO + H2 mixture the 
sample was covered and sealed in a heat- 
resisting plastic (Vespel) sample holder. 
Prior to sealing the sample, the furnace 
used for the high-temperature treatments 
had to be dismantled. Although this proce- 
dure was carried out under an argon atmo- 
sphere, a trace amount of oxygen might 
have diffused to the sample. Diffusion of 
oxygen would affect only valence state of 
the oxide component. 

After being sealed the sample was trans- 
ferred into the cryostat for the low-temper- 
ature Mossbauer characterization. Details 
on the composition and treatment of the 
samples are presented in Table 1. 

FMR measurements were performed on 
the samples after their Mossbauer charac- 
terization. First, all samples were reduced 
in hydrogen at 650 K for 1 h. They were 
then cooled and sealed in FMR test tubes in 
an argon atmosphere. 

RESULTS 

Impregnation of Cab-O-%1 either by a 
hexane solution of a bimetallic iron-ruthe- 
nium carbonyl cluster (29) or by the dis- 
solved mixture of the two monometallic 

carbonyl clusters (23) has revealed two dif- 
ferent types of behavior. In the former case 
the impregnated form of the bimetallic clus- 
ter appeared to be stable whereas for the 
mixture iron oxide was always formed after 
impregnation as a result of the interaction 
of surface hydroxyl groups and zerovalent 
iron. Similar behavior was observed after 
decomposition in hydrogen at 370-400 K. 
However, after high-temperature reduc- 
tion, besides the doublets of high-spin Fe2+ 
and Fe3+ oxides some Fe(O) was observed in 
the form of superparamagnetic particles (8, 
30). Since the same behavior was observed 
even at 77 K, in the present work low-tem- 
perature measurements were carried out in 
an attempt to learn more about the struc- 
ture of the superparamagnetic oxide com- 
ponent. 

In Fig. 1 Mossbauer spectra of sample 1 
after CO + Hz treatment for 2 days mea- 
sured at different temperatures are pre- 
sented. At 79 K (Fig. le) the spectrum is 
characterized by an asymmetric quadru- 
pole doublet with parameters of IS = 0.28 
mm s-’ and QS = 0.87 mm s-l pointing to 
the presence of the prevailing iron oxide 
fraction in the sample. By lowering the tem- 
perature of the measurements hyperfine 
splitting can be observed with an internal 
field of 443 kOe at 1.9 K. In addition to the 
sextet, a superparamagnetic line can also 
be seen at 0.0 mm s-* which is characteris- 
tic of a zerovalent iron component. It is of 
interest that the iron carbide component is 
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FIG. 1. MBssbauer spectra of sample 1 after CO + 
Hz reaction. The spectra are measured at (a) 1.9 K, (b) 
4.0 K, (c) 5.4 K, (d) 7.2 K, (e) 79 K. 

completely missing from the spectrum in 
agreement with an earlier finding (10). 

After high-temperature reduction in hy- 
drogen, a similar structure for the oxide 
component can be observed in sample 2 
(Fig. 2a). In curve b of Fig. 2 the low-tem- 
perature spectrum of sample 4 after reduc- 
tion in hydrogen is also presented. In accor- 
dance with other literature data neither a 
paramagnetic component nor a hyperfine 
splitting of ferromagnetic iron particles can 
be seen but the resulting spectrum is indica- 
tive of iron oxide particles with an internal 
magnetic field of 454 kOe, similarly to what 
was observed in the impregnated state (8). 

The most relevant parameters of the ox- 
ide component are presented in Table 2. 

In the presence of ruthenium, and after 
reduction in hydrogen at 650 K, besides the 
sextet which is assigned to the iron oxide 
component, a single line can be observed at 
IS = 0.0 mm s-l. The spectrum of the re- 
duced iron-ruthenium sample closely re- 
sembles that measured after high-tempera- 
ture reaction in a CO + H2 mixture 
(compare Fig. 1 and Fig. 2, curve a). 

The following experiments are focused 
on whether the single component at 0.0 mm 
s-i can be assigned to highly dispersed 
monometallic iron particles or whether ru- 

r i 
43 4 -6 v2 - -2 0 

LOCITY 
2 4 6 6 II 12 

(m/s1 

FIG. 2. MBssbauer spectra of (a) sample 2 measured 
at 4.3 K after reduction in hydrogen at 650 K; (b) sam- 
ple 4 measured at 1.6 K after reduction in hydrogen. 
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TABLE 2 

The H Magnetic Splitting (kOe), the IS 
Isomer Shift (mm s-l), and the Relative 

Intensity (7%) of the Total FeX+ Component 
Measured at 1.8 K after Different 

Treatments on the Silica-Supported 
Samples (H,, = 0) 

Treatment Sample 

132 4 

H 431 454 
Reduction in Hz IS 0.52 0.45 

1, 98.9 100 

thenium atoms are also incorporated in 
them forming bimetallic particles. One of 
the fundamental points in the present work 
is the formation of bimetallic particles after 
high-temperature reduction. However, it is 
also important to find out whether the bime- 
tallic particles are maintained or not during 
the catalytic reaction. 

Application of an external magnetic field 
may help us in solving the problem of bime- 
tallic particles. Thus, if separate superpara- 
magnetic iron particles are present along 
with separate ruthenium particles, the use 
of a low magnetic field (-1 T) results in a 
complete splitting of the single line. If, 
however, iron particles are associated with 
ruthenium to form bimetallics, their behav- 
ior is no longer expected to be ferromag- 
netic, in which case relatively large values 
of H,, will be necessary to generate resolved 
hyperfine split spectra. Hence, the influ- 
ence of external magnetic fields on the 
shape of the Mossbauer spectra was stud- 
ied for ruthenium-containing samples I and 
2. Since the Ru/Fe ratio was the highest for 
these samples, formation of iron-ruthe- 
nium bimetallic particles could be ex- 
pected. High-field measurements were not 
carried out on samples 3 and 4. Sample 4 
does not contain ruthenium, so the pres- 
ence of bimetallic particles cannot be ex- 
pected. Since the Ru/Fe ratio of sample 3 
was the lowest (1.6) and the catalytic reac- 
tion took place with a 3 : 1 CO : HZ mixture, 

a large part of the bimetallic clusters de- 
composed as is indicated by the carbide 
species formed. 

Mossbauer spectra of sample 2 were re- 
corded in fields of zero and 6 T at 1.5 K 
(Fig. 3). On fitting the spectra by one sex- 
tet, Hi”, = 411 kOe and 419 kOe were ob- 
tained at zero and 6 T field, respectively. 
The full width at the half maximum 
(FWHM) value of the outermost lines in- 
creased by 26% when an external field was 
applied. The intensity ratio of peaks 2-5 to 
l-6 in the sextets decreased from 0.73 to 
0.48 under the effect of a 6-T external field. 
This is the result of polarization of the mag- 
netic moments in the sample to a direction 
parallel to Ho (and therefore to the direction 
of gamma ray propagation). This leads to 
diminution of the Am, = 0 transitions (lines 
2 and 5 in the spectrum) owing to their sin* 
8 dependence (0 is the angle between the y- 
ray propagation and Ho). 

In sample 2 the single line at 0.0 mm s-i 
and with 4.7% relative intensity (Ho = 0) is 
split for Ho = 6 T with a separation of 1.8 
mm s-l. The increase of the intensity ratio 
of the innermost (3-4) lines to the outer- 
most 1-6 lines from 0.40 for HO = 0 to 0.47 
for Ho = 6 T indicates that the line recorded 

-8 -4 0 4 a 
MM/S 

FIG. 3. M6ssbauer spectra of sample 2 in external 
magnetic field at 1.5 K. (a) 0 T, (b) 6 T. 
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FIG. 4. Miissbauer spectra of sample 1 in external 
magnetic field at 4.2 K. (a) 0 T, (b) 2 T, (c) 6 T. 

at 0.0 mm s-i after splitting is overlapped 
with the innermost lines of the sextet char- 
acteristic of iron oxide. 

Since splitting of the central single line 
was observed in the case of a 6-T field, the 
Mossbauer spectra of sample 2 were mea- 
sured for Ho values of 0, 2, and 6 T field at 
4.2 K (Fig. 4). Besides the superpara- 
magnetic and the magnetically split compo- 
nents of iron oxide, a single line at IS = 0.0 
mm s-i (about 4%) appeared. Without a 
magnetic field the FWHM of the single line 
is 0.51 mm ss’. In a 2-T field its width in- 
creases to 1.9 mm s’ (or alternatively the 
line can be decomposed to a doublet whose 
separation is 0.52 mm s-i). On a 6-T field its 
splitting further increases to 2 mm s-i and it 
is incorporated into the two central lines of 
the magnetically split sextet and superpara- 
magnetic doublet of iron oxide. 

The final state of the samples was also 
investigated after high-temperature reduc- 
tion by ferromagnetic resonance. First, a 

comparison was made of the signal intensi- 
ties for the different samples. At 123 K we 
obtained the approximate values of 1O-2, 
10P3, 10-i, and 1, for samples 1,2, 3, and 4, 
respectively, i.e., the intensity manifested 
itself as being inversely related to the ruthe- 
nium content. 

The dependence of the relative signal in- 
tensity on temperature is shown in Fig. 5. 
Samples 1 and 2 exhibited a nearly temper- 
ature independent behavior while the plots 
for samples 3 and 4 shown I,-T curves typi- 
cal for very small superparamagnetic iron 
particles. Based on these intensity mea- 
surements we can estimate the value of the 
average size of the metallic iron particles of 
sample 4. 

The temperature dependence of the sig- 
nal width is seen in Fig. 6. Samples 1 and 2 
again show only slight temperature depen- 
dence. Curves obtained for samples 3 and 4 
reveal the collective behavior of the mag- 
netic moments. For magnetically indepen- 
dent small spherical particles the tempera- 
ture dependence of AHpp is proportional to 
KiT/Ms,~ (23), where Kl,T is the crystalline 
anisotrophy energy constant and MS,T is the 
saturation magnetization at temperature T. 
On sample 4 the observed signal width val- 
ues are only l/5 of the value for bulk iron at 
123 K. This drop is due to the small particle 
size (31). At temperatures above 650 K 
sample 4 shows paramagnetic behavior 
(AHPP increases with temperature). The de- 
crease of the Curie temperature from that 

FIG. 5. Temperature dependence of the relative 
FMR signal intensity after the final reduction. (a) sam- 
ple 2, (b) sample 1, (c) calculated for 3.0-nm iron parti- 
cles, (d) sample 4, (e) sample 3. 
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FIG. 6. Temperature dependence of the FMR signal 
width after the final reduction. (a) sample 1. (b) sample 
2, (c) sample 3, (d) sample 4. 

of the bulk iron, viz. from 1047 to 650 K, 
can be regarded as not solely due to the 
small particle size but also to carbide for- 
mation in the CO + H2 reaction and/or to a 
low-reduction degree (but no Fe3’ signal 
was found in this sample). AHPP for sample 
3 decreases more rapidly with temperature 
than that for sample 4 because the forma- 
tion of alloys has a greater influence on KI.T 
than on MS,~. On this sample the decrease 
of the width reversed to increase at about 
475 K. 

DISCUSSION 

It is a surprising but well-proven result 
that reduction of Fe3+ to metallic iron 
takes place in the presence of noble metals, 
but even after high-temperature reduction 
some Fe3+ oxide remains in the system. 
This feature is valid for iron-platinum (5, 
32), iron-palladium (3.3). iron-ruthenium 
(4), iron-rhodium (4. 34), and iron-iridium 
(35) samples. It is therefore expected that 
in the present work the oxide component in 
the Miissbauer spectra is always present re- 
gardless of whether it is measured after re- 
duction or after long-term high-temperature 
reaction in CO + Hz. In the latter case, 
however, formation of the oxide compo- 
nent is not surprising because after CO dis- 
sociation some oxygen is retained by the 
metallic component in oxide form (36). 

Information on the structure of the oxide 
component can be obtained from the tem- 

perature dependence of the MGssbauer 
spectra. As shown in Fig. le, after the CO 
+ H2 treatment sample 1 does not display a 
hyperfine split spectrum at 79 K. However, 
on the spectra recorded between 1.9 and 
7.2 K the oxide component reveals super- 
paramagnetic behavior. The value of the 
hyperfine field determined from the 1.9 K 
spectrum is low (443 kOe) and significantly 
smaller than the value determined after Fi- 
scher-Tropsch reaction on iron catalyst on 
which the field distribution was centered 
around 480 kOe at 4.2 K (36). Silica-sup- 
ported iron and iron-ruthenium catalysts 
prepared by the incipient wetness method 
and reduced in hydrogen also showed the 
presence of the oxide component with 482 
kOe internal field at 77 K (37). Although 
those values are already considerably 
smaller than that obtained for a-FezOs at 
4.2 K (544 kOe) (36), the values measured 
here are even smaller and are close to those 
measured for p- and y-FeOOH (475 and 460 
kOe, respectively) (37). Furthermore, the 
occurrence of other pure oxide phases can 
probably also be excluded. The presence of 
y-FezOj could additionally be taken into ac- 
count, but the value of the hyperfine field 
on the surface shell of y-FezOj particles 
(with 9 nm diameter) at 4.2 K is reported as 
being only 1 or 2% less than that for the 
interior core (38). Taking into account this 
small decrease we conclude that the main 
constituent of the oxide component is not 
y-Fe203 in our samples. 

High-field Miissbauer measurements pro- 
vide further details on the magnetic proper- 
ties of the oxide component. Figures 3 and 
4 were recorded below the blocking temper- 
ature TB (Ts is the temperature at which the 
intensity ratio of the superparamagnetic 
and the magnetically ordered proportion is 
1 : 1). These spectra demonstrate that the 
main constituent of our oxide component is 
not Fe304. The two sublattices in Fe104 
should order in small external fields (< 1 T) 
below TB. The spectrum presented in Fig. 
4b obtained in a 2-T external field shows 
only partial ordering. Once ordered, the 
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two sublattices of magnetite have different 
isomer shifts: the outermost peaks on the 
low-velocity side are separated but they co- 
incide on the positive velocity side of the 
spectrum. (39). Deconvolution of the spec- 
trum obtained using a 6-T field (Fig. 3c) in- 
dicates that the two sextets have the same 
isomer shifts. 

On the basis of the above-mentioned ex- 
perimental results we cannot assign any 
definite bulk oxide structure to our obtained 
parameters. As in our case no perfect oxide 
structure can be assumed, the value of the 
hypertine field is not necessarily equal to 
that measured for crystalline oxides. The 
highly dispersed state involves an imperfect 
surface iron oxide structure and the contri- 
butions from the exchange, shape and sur- 
face anisotropy to the magnetic aniso- 
trophy constant decrease the value of the 
hyperfine field (40). Moreover, our experi- 
mental results do not enable us to clearly 
distinguish whether the oxide component 
originates from separate oxide particles or 
whether it is located on a surface layer of 
the metallic particles. 

The distribution of the hyperfine field is 
also characteristic of the imperfect struc- 
ture. For example, when fitting the spec- 
trum of sample 1 in Fig. 3a with a single 
sextet we obtain for FWHM a high value 
(1.3 mm s-i). Similarly, as is reported in 
Ref. (36), we assumed the presence of the 
field distribution, and a calculation was per- 
formed on the 1.5 K spectra of Fig. 3. The 
spectra were decomposed to nine sextets, 
this being the capacity limit of our fitting 
procedure. All the linewidths were con- 
strained to be equal and the calculation was 
based upon 95% of the spectral area. The 
resulting field distributions are shown in 
Fig. 7. As can be seen, the field distribution 
is sensitive to the application of the 6-T ex- 
ternal field. The appearance of the two dis- 
tinct maxima in Fig. 7b also indicates the 
influence of a field-induced orientation ef- 
fect. 

Evidence for Fe-Ru interaction. High 
external magnetic field Mossbauer studies 

FIG. 7. Magnetic hyperfine field distribution in the 
particles of sample 2 determined from the spectra of 
Fig. 3. (a) 0 T, (b) 6 T. 

provide evidence for the existence of stable 
iron-ruthenium bimetallic particles. Figure 
1 indicates that part of iron is in the Fe(O) 
state. This corresponds to the IS = 0.0 mm 
s-l singlet line in the spectrum recorded af- 
ter the CO + H2 reaction on sample 1 (Fig. 
l), and after the high-temperature hydrogen 
reaction of sample 2 (Fig. 2a). This IS - 0.0 
mm s-i line can be attributed either to su- 
perparamagnetic metallic iron particles of 
high dispersion or to bimetallic iron-ruthe- 
nium particles because the isomer shift val- 
ues of iron-ruthenium alloys are close to 
0.0 mm s-l (4143). The structure and the 
magnetic properties of iron and iron-ruthe- 
nium alloys are different. Metallic a-iron is 
a ferromagnet with bee crystal structure 
whereas iron-ruthenium alloys in the 23- 
100 at.% Ru range have an hcp structure 
and are Pauli paramagnets above 13 at.% 
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ruthenium content (41). A small splitting in 
their Mossbauer spectra with the corre- 
sponding internal field of 13 kOe has been 
considered as an indication of weak antifer- 
romagnetic coupling at low temperatures 
(42). 

If the line at IS = 0.0 mm s-l were super- 
paramagnetic iron, the spin flipping would 
be stopped on applying a relatively small 
magnetic field, and superparamagnetic iron 
particle would show a hyperfine splitting 
approaching that of bulk metallic iron (330 
kOe). On the contrary, paramagnets exhibit 
line separation which is proportional to the 
external field. On samples 1 and 2 the latter 
phenomenon was observed; the IS - 0.0 
mm s-l singlet showed a splitting propor- 
tional to the applied field. The value of the 
external fields used considerably exceeded 
the value of the assumed antiferromagnetic 
ordering field in the iron-ruthenium parti- 
cles, thereby enabling them to exhibit para- 
magnetic behavior. Thus, we conclude the 
existence of iron-ruthenium bimetallic par- 
ticles in samples with Ru/Fe ratios of 4 and 
6.5. 

A further comment should be added to 
the interpretation of the iron-ruthenium in- 
teraction derived from the low-temperature 
spectra. The IS - 0.0 mm ss’ component 
has a relative intensity of only 10% in these 
low-temperature spectra. Under reaction 
conditions the relative intensity of this 
zerovalent component is much higher be- 
cause the high-temperature reduction of 
iron ions is enhanced by the ruthenium. In 
addition, the temperature dependence of 
the Mossbauer effect is different for the me- 
tallic iron and for the supported iron oxide 
of high dispersion; the recoil-free fraction 
increases more rapidly for iron oxide than 
for iron with decreasing temperature (36). 
This is also seen when comparing the spec- 
tra of sample 2 recorded at 1.5 and 4.3 K 
(Figs. 3a and 2a). Thus the low relative per- 
centage of zerovalent iron detected at low 
temperatures represents a more significant 
quantity of Fe(O) under the reaction condi- 
tions. 

The FMR measurements performed on 
the reduced catalysts provide further proof 
of the existence of iron-ruthenium bimetal- 
lic particles in samples 1 and 2 and they also 
provide information on the metallic parti- 
cles of samples 3 and 4. In the FMR spectra 
only the signals of metallic particles were 
detected, i.e., no Fe3+ signal was found and 
the presence of Fe304 can also be excluded 
for two reasons: (i) no reverse of the sign of 
Kr,r was observed on the recorded signals 
as would be expected to occur between 123 
and 173 K for magnetite (44); (ii) the re- 
corded AH,, values at low-temperature 
measurements far exceed the reported sig- 
nal width values of magnetite (45). 

Comparison of the signal intensity of the 
four samples (lo-?, IO-j, IO-‘, and I on 
samples 1, 2, 3, and 4. resp.) clearly points 
to the decrease of collective magnetism 
with increasing ruthenium content, indicat- 
ing bimetallic particle formation. The slight 
temperature dependence of I, and AH,, val- 
ues of samples I and 2 is in full accordance 
with the Pauli paramagnetic behavior of the 
Fe-Ru bimetallic particles mentioned pre- 
viously. 

The small particles of lower ruthenium 
content of sample 3 and iron particles of 
sample 4 exhibited superparamagnetic tem- 
perature dependence corresponding to the 
Langevin or Curie function (24). A simple 
calculation can be performed on the data 
obtained on sample 4 to determine the aver- 
age particles size. If we apply the Langevin 
function, L(x) (where x = MuH&kT, M the 
magnetization and u the particle volume), 
to describe the temperature dependence of 
the signal intensity, the intensity values ob- 
tained at temperature T and T/2 may be 
compared. In this case the following rela- 
tion holds (46): L(2x)/L(x) = IT2/IT = n. On 
extracting the values of a from the experi- 
mental values of x, the average particle vol- 
ume can be calculated. A value of 3.0 nm 
was found in this way for the average diam- 
eter of the iron particles of sample 4. The 
crosses in Fig. 5 represent the calculated 
relative intensity values of 3.0-nm iron par- 
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titles at different temperatures. The coinci- 
dence with the measured curve for sample 4 
is acceptable. 

CONCLUSIONS 

On silica-supported iron and iron-ruthe- 
nium catalysts oxide and metallic compo- 
nents were found from Mossbauer mea- 
surements performed after CO + H2 
reaction and hydrogen reduction on sam- 
ples with Ru/Fe ratios of 3.9 and 6.5. As 
indicated by the low-temperature spectra 
the oxide component cannot be assigned to 
perfect crystalline structure. 

Clear evidence is obtained for the exis- 
tence of paramagnetic iron-ruthenium bi- 
metallic particles from Mossbauer and FMR 
studies performed on the mentioned sam- 
ples. The experimental verification of bime- 
tallic particles is in full agreement with the 
results derived from previous catalytic ac- 
tivity and selectivity measurements. 

FMR studies carried out on reduced sam- 
ples of low Ru/Fe ratios also revealed the 
presence of ferromagnetic particles and 3.0 
nm is estimated for the average value of the 
particle diameter for the supported iron 
sample. 
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