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Miksbauer effect spectroscopy (MES) and transmission electron microscopy/energy-dispersive 
X-ray spectroscopy (TEMIEDS) were used to study the chemistry of the iron particles produced by 
the thermal decomposition of stoichiometric K-Fe, Fe-Mn, and K-Fe-Mn mixed-metal carbonyl 
clusters on a high surface area carbon. Intermediate chemical states during the cluster decomposi- 
tion process below 473 K were identified using MES, and they indicated that decarbonylation 
occurred via the formation of Fe(CO)s and [Fe,(CO),,] during heating in Hz. Following decomposi- 
tion at 473 K, the principal final phase was the D-structure, which has been associated with 

superparamagnetic Fe combined with an Fe 2+ state. Additionally, a doublet characteristic of Fe’+ 
oxide and/or superparamagnetic carbide appeared in the spectrum. No evidence for a mixed spine1 
such as FeZMn04 was obtained, but the Fe and Mn appeared to remain in contact, presumably as 
MnO, on top of small Fe crystallites. A subsequent treatment in Hz at 673 K caused the K- 
promoted catalysts to sintcr and form separate phases of Mn oxide and large particles of a-Fe, as 
detected by MES and TEMIEDS. For the unpromoted Fe-Mn sample, little sintering occurl-ed 
under Hz at 673 K, and the particles existed in a phase which has been previously found in Fe-only 
carbon-supported catalysts. 0 1989 Academic PESS Inc. 

INTRODUCTION 

Numerous investigations have recently 
been conducted on reduced Fe-Mn oxides, 
largely because of their potential to selec- 
tively produce olefins via CO hydrogena- 
tion. The catalytic properties of bulk Fe- 
Mn catalysts in this reaction arc well 
documented in both the patent and the re- 
search literature (I-15), but only a few 
studies have been directed at elucidating 
the properties of small, supported Fe-Mn 
particles (16-18). Within this latter class of 
catalysts, it has been shown that carbon- 
supported particles derived from stoichio- 
metric Fe-Mn and K-Fe-Mn carbonyl 
clusters have excellent selectivity to Cz-C4 
olefins and high activity in the CO hydroge- 
nation reaction (18). In particular, it was 
found that N(C2H5)4[FezMn(C0)12] clusters 

produced catalysts which were highly se- 
lective to light olefins after a pretreatment 
in HZ at only 473 K, and it was proposed 
that this selectivity was due to the exis- 
tence of an (Fe,-,Mn,)@d spine1 phase (18) 
because of the association of high olefin se- 
lectivity with the spine1 structure in bulk 
catalyst systems (12-15). 

I To whom correspondence should he addressed. 

Whereas the phase behavior of these 
large Fe-Mn particles has been intensively 
investigated (I-15), little is known about 
the metal phases that are present in very 
small Fe-Mn particles. The use of stoichio- 
metric mixed-metal carbonyl clusters not 
only produces small promoted Fe particles, 
but also provides a single initial species 
with zero-valent iron which facilitates char- 
acterization. The use of a clean, oxygen- 
free carbon support with high surface area 
provides additional benefits because it does 
not produce the metal oxidation observed 
on oxide supports (19), and it gives stable, 
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well-dispersed, zero-valent iron phases 
with a reproducible unique structure when 
Fe-only clusters are used. However, the ca- 
pability of carbon to achieve this with man- 
ganese or potassium present on its surface 
has not been determined. Thus the combi- 
nation of these mixed-metal clusters with 
carbon represents a unique system that had 
not yet been characterized. 

The decomposition of these clusters on 
carbon has now been studied by DRIFTS 
(diffuse reflectance fourier transform infra- 
red spectroscopy) and these results are dis- 
cussed in the first paper of this series (20). 
The third paper presents CO heat of ad- 
sorption measurements, illustrates the ki- 
netic behavior of these catalysts for CO hy- 
drogenation, proposes a model describing 
the decomposition pathway for these clus- 
ters, and relates catalytic behavior to the 
final state of the catalyst (21). The present 
paper provides the first Mossbauer investi- 
gation of these supported mixed-metal clus- 
ters and the iron phases produced on car- 
bon after their decomposition. It also 
provides a study of the influence of potas- 
sium on the behavior of the iron/carbon 
system. The Mossbauer effect spectros- 
copy (MES) data reported here are shown 
to be consistent with the DRIFTS decar- 
bonylation results up to 473 K and, in addi- 
tion, the structure of the particles was de- 
termined following pretreatment at 673 K in 
H2. Even though the Fe and Mn are initially 
bonded to each other in the cluster precur- 
sors, they do not appear to form a homoge- 
neous Fe-Mn bulk phase following cluster 
decarbonylation. After pretreatment at 673 
K, potassium-promoted Fe and Fe-Mn cat- 
alysts form large Fe particles, while an un- 
promoted Fe-Mn catalyst remains well dis- 
persed. 

EXPERIMENTAL PROCEDURE 

The metal carbonyl precursors NEt4 
CFeNnWVd W, K[Fe&fnWhl G’2), 
K[FeMn(C0)9] (22), and K[HFej(CO)iil 
(23), where Et represents the ethyl radical, 
were prepared according to previously pub- 
lished techniques. The carbon support 

used, Cabot CSX-203, is now commercially 
available from Cabot Corp. as “Black 
Pearls 2000.” The carbon was heated at 
1123 K under a flow of H2 for 12 h, after 
which it was cooled to room temperature 
under flowing HZ. The carbon was then 
transferred without air exposure to a nitro- 
gen-purged glovebox for storage. All im- 
pregnations were performed using standard 
Schlenk techniques under a N2 atmosphere 
(24). Using dried, degassed THF as the sol- 
vent, the carbon was impregnated to give 
catalysts with approximately 10 wt% total 
metal loading which were subsequently 
evacuated for 8 h at 0.13 Pa to remove the 
excess THF. The dried catalysts were 
transferred to the MES cell under a N2 at- 
mosphere. 

The MES spectra were collected using 
two different cells, hereafter referred to as 
the HT (high temperature) cell and the LT 
(low temperature) cell. The HT cell allows 
in situ sample treatments and spectrum col- 
lection in any gas or vacuum (0.13 Pa) over 
a temperature range of 77 to 723 K. This 
cell has been described in more detail else- 
where (25). Spectra at 10 K were obtained 
using the LT cell, an Air Products Liquid 
Transfer Helitran, Model LT-3-110, which 
can operate in the temperature range of 4 to 
298 K. Prior to obtaining the 10 K spectra, 
the samples were pretreated in the HT cell 
and transferred to the LT cell inside the NZ- 
purged glovebox. All spectra were obtained 
in the constant acceleration mode and all 
isomer shifts are reported with respect to 
a-Fe at room temperature. The H2 (Linde, 
99.999%) and CO (Matheson, 99.99%) were 
further purified by passing them through an 
Oxytrap (Alltech Associates) and a molecu- 
lar sieve trap before use. 

The spectra were fitted by the program 
MFIT (26). This program fits the data to an 
assigned number of Lorentzian lines super- 
imposed on a horizontal baseline. The fit- 
ting is “least squares” employing a random 
stepping of free parameters to find the best 
fit. For the unrelaxed spectra, the sextu- 
plets were constrained such that (i) the sep- 
arations between lines were consistent with 
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the known nuclear magnetic moment of Fe, 
and (ii) the dips and widths of the peaks at 
negative velocity were equal to those of 
corresponding peaks at positive velocity. 
The peaks comprising quadrupole doublets 
were constrained to have equal dips and 
widths. The free parameters were the quad- 
rupole splitting and the hyperfine fields. 
The fitting of both carbide and partially re- 
laxed spectra was performed only to derive 
an approximate hyperfine splitting for the 
phases present. 

Air-exposed catalyst samples were pre- 
pared for electron microscopy by stirring 
them in acetone and then placing the mix- 
ture in an ultrasonic bath for 5 min. The 
resulting suspension was placed dropwise 
on 400-mesh Cu grids which had been pre- 
coated with a carbon film. The grids were 
dried briefly using a heat lamp prior to in- 
sertion into the microscope. The samples 
were imaged on a Philips 420 STEM operat- 
ing in the TEM mode at 120 keV, and all 
EDS data were collected using a Link Sys- 
tems EDS attached to the STEM. For EDS 
analyses, the electron beam was focused to 
a spot size of 30-70 nm and placed on the 
desired area while the microscope stage 
and grid were tilted at 20-35” relative to 
horizontal. The relative amounts of K, Fe, 
and Mn were estimated using the peak in- 
tensities and previously published Cliff- 
Lorimer factors referenced to Fe at 120 
keV (27). 

RESULTS 

To investigate the decomposition behav- 
ior of the supported clusters, the samples 
were pretreated in H2 using the HT MES 
cell. First, a MES spectrum of the freshly 
impregnated sample was taken at 77 K. Fol- 
lowing this, the clusters were decarbonyl- 
ated by heating to 323, 373, 423, and 473 K 
in an atmosphere of HZ. The cell was held at 
each of the first three temperatures for 1 h 
and after each temperature it was cooled to 
298 K in flowing HZ, evacuated, and cooled 
to 77 K for spectrum collection. The results 
obtained are presented sequentially below. 

I. Fresh Catalysts 

Figure 1 shows the MES spectra ob- 
tained on the fresh NEt4[Fe2Mn(C0)12], 
K[FeMn(C0)9], and K[HFe3(CO)rI] cata- 
lysts after impregnation and evacuation to 
remove THF, and the MES parameters are 
given in Table 1. The K[Fe2Mn(C0)r2] sam- 
ple gave a spectrum (not shown) nearly 
identical to the NEt4[FelMn(C0)r2] sample 
(Fig. la), consistent with the fact that both 
of the catalyst precursors contained the 
same [FezMn(CO)& anion. Spectra la and 
lb agree well with those published for un- 
supported NEt4[Fe2Mn(C0)r2] (28, 29) and 
[HFe3(CO),J clusters (30), respectively, 
indicating that all of the clusters remained 
intact on the carbon surface. The 
K[FeMn(C0)9] sample gave a spectrum 
(Fig. lc) consisting of two doublets whose 
parameters matched those of [Fe2Mn 
(CO)12]m anions and Fe(CO)S. MES parame- 
ters for the unsupported cluster are also 
given in Table I for comparison. 

Attempts were made to image the freshly 
impregnated NEt4[FezMn(C0),J catalyst in 
the TEM; however, no distinct metal parti- 
cles were observed, a result which might be 
expected if the carbonyl clusters were dis- 
persed in molecular form. Despite this, Fe 
and Mn were detected by EDS throughout 
the sample. Semiquantitative analyses of 
seven different areas yielded Fe : Mn ratios 
of 2 : 0.80 to 2 : 1.16, in approximate agree- 
ment with the stoichiometric ratio found in 
the cluster precursor. The appearance of 
the K[Fe2Mn(C0),J sample was similar to 
the NEt4[Fe2Mn(C0),J catalyst in that no 
individual metal particles could be imaged. 
Again, the Fe : Mn ratios were in agreement 
with that expected from the cluster precur- 
sor, although the peak for K was too weak 
to be seen. During the analysis of a larger 
(830 nm diam) area in this catalyst, K was 
detected, but the final composition was 
Ko.5&&h.95. The absence of any large 
particles of metal in these catalysts is con- 
sistent with earlier reports of high initial 
dispersions for these cluster-derived cata- 
lysts (28). 
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FIG. 1. Mksbauer spectra at 77 K of freshly impregnated catalysts following 8 h evacuation to 
remove THF: (a) NEt4[FezMn(CO)lJ catalyst, (b) K[HFe,(CO),,] catalyst, and (c) K[FeMn(CO)J 
catalyst. 

ZZ. Cluster Decarbonylation duced the small peak to the left of the cen- 
tral doublet that is paired with a partially 

The spectra obtained after heating at 323 hidden peak to the right, causing a slight 
K for 1 h are shown in Fig. 2. The sample broadening at approximately 1.2 mm/s. The 
prepared from NEt4[Fe2Mn(CO)IZ] con- isomer shift and quadrupole splitting are in- 
tained two additional species. One pro- dicative of Fe(CO)j, which was also seen in 

FIG. 2. MGssbauer spectra at 77 K after heating 
catalyst and (b) K[FeMn(C0)9] catalyst. 
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for 1 h at 323 K in H2 flow. (a) NEt4[Fe2Mn(CO),J 
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TABLE 1 

Mossbauer Parameters 

Pretreatment Figure Sample Species 
assigned 

I.S.” 

(mm/s) (mm/s) 

kOe Relative 
area 

Fresh sample la 

lb 

NEtdFe2Mn(C0h21 

K[HFe3(COh,I 

K[FeMn(C0)9] 

K[FeMn(C0)9] 
Unsupported cluster 

NEtdFe2Mn(COhl 

[Fe2Mn(COh21- 
D structure’ 
[HFe3(COhII- 

IC 

0.08 
1.36 
0.04 

-0.01 
0.08 

-0.05 
0.07 

-0.07 

323 K/l h in Hz 2a 

2b 

[Fe&ln(COhJ 0.08 0.91 0.68 
D structure’ 1.21 2.42 0.25 
Fe(C0)5 -0.01 2.42 0.07 
[Fe2Mn(C0h21- 0.07 0.91 0.83 
Fe(COL -0.11 2.39 0.17 

373 K/l h in Hz 3a 

3b 

3c 

[Fe2Mn(COh21 0.07 0.85 0.58 
D structure’ 1.22 2.31 0.38 
FeKOh -0.10 2.32 0.48 
H[FedCOh- 0.05 0.56 0.90 
Fe(C015 -0.10 2.38 0.04 
D structure’ 1.10 2.37 0.07 
WFedCOhJ 0.01 0.53 0.92 
Fe(C0j5 -0.10 2.52 0.06 
D structure’ 1.23 2.47 0.04 

423 K/l h in Hz 4a NEt,[FezMn(CO),J 

4b K[HFe3(CO),,I 

WFedCOh31- 0.08 0.61 0.84 
D structureC 1.12 2.45 0.16 
H[FedCOh- 0.08 0.61 0.79 
D structureC 1.18 2.32 0.21 

473 K/2 h in Hz 5a 

5b 

5C 

Fej*/carbide 
D structureC 
Fe)+/carbide 
D structure’ 
Fe3+/carbide 

Sd Fe3+/carbide 
D structure’ 

0.43 0.86 0.43 
1.21 2.13 0.57 
0.37 0.68 0.58 
1.10 2.26 0.41 
0.37 0.58 0.64 
1.10 2.27 0.36 
0.34 0.74 0.89 
1.22 2.43 0.11 

673 K/16 h in Hz 7a NEtdFe2MWOhl D structure’ 1.18 
7b K[F%Mn(COhl c*-Fe 0.10* 

Hz/CO = 3, 2h 10a KWFedCOh,I c’carbide 
lob NEtdFe2Mn(C0h1 D structure’ 1.29 

- 

0.91 
2.43 
1.38 

0.93 
2.61 
0.95 
2.67 

0.96 
0.04 
0.64 
0.36 
0.74 
0.26 
0.61 
0.39 

2.22 1.00 
-0.01 335.70 1.00 

186.32 1.00 
2.08 1.00 

n Isomer shift reported relative to that of a standard 1 mil iron foil (1 mil = 25.4 pm). 
b Small positive isomer shifts for carbon-supported a-Fe particles are not unusual (19, 33). 
r Isomer shift and quadrupole splitting refers only to the doublet component of the D-structure 

the same approximate amount in the 0 mm/s and a doublet with one peak at 
K[Fe2Mn(C0)12] sample at this stage. The about 2.1 mm/s and the other near 0 mm/s, 
second species produced both a singlet near the latter of which has an isomer shift and 
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FIG. 3. Miissbauer spectra at 77 K after heating catalysts for 1 h at 373 K in H2 flow: (a) NEt, 
[Fe,Mn(CO)J catalyst, (b) KIHFel(CO),,] catalyst, and (c) K[FeMn(C0)9] catalyst. 

quadrupole splitting characteristic of an ox- 
ide. The reported spectral areas include 
both doublet and singlet contributions, and 
the isomer and quadrupole splittings refer 
to the doublet portion. In an earlier study 
on carbon-supported Fe3(CO)r2 clusters 
(31), it was pointed out that some uncer- 
tainty exists regarding the exact identifica- 
tion of this species; however, it has been 
postulated that it consists of a combination 
of superparamagnetic iron and Fe2+ ions in- 
teracting with oxygen. As in the previous 
study, it will be referred to as the “D-struc- 
ture,” since it is a product of the cluster 
decomposition process, and we believe it 
has a unique structure, as discussed later. 
After being heated to 323 K, the 
K[HFe3(CO)ri] catalyst gave a spectrum 
identical to the fresh sample (not shown to 
conserve space), and the K[FeMn(CO)J 
sample showed a slight decrease in the 

amount of Fe(C0)5 present compared to 
that of the fresh sample. 

After being heated at 373 K, the spectra 
shown in Fig. 3 were obtained. In the case 
of the NEt4[Fe2Mn(C0)J sample, the 
amounts of Fe(C0)5 and the D-structure 
were increased, but in contrast, the 
K[HFedCOh II 1 K[FeMnW%l, and 
K[Fe2Mn(C0)i2] clusters were converted to 
a new species consisting of a doublet with a 
decreased quadrupole splitting of about 0.6 
mm/s. Some Fe(CO), and the D-structure 
were also present in these last three sam- 
ples, but in relatively small amounts com- 
pared to the new species. The identification 
of this species is discussed in more detail 
subsequently, but at this point is it worth 
noting that its MES parameters match 
those previously found for either of the an- 
ionic carbonyl clusters [HFe4(CO)i3]- or 
[HFe2(CO)& (28). As shown in Figs. 4a 
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FIG. 4. Mbssbauer spectra at 77 K after heating for I h at 423 K in Hz flow: (a) NEtJFezMn(CO),z] 
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catalyst and (b) K[HFe,(CO),,] catalyst. 

and 4b, no Fe(CO)5 remained after heating 
for 1 h at 423 K, and in the case of the NEt, 
[Fe,Mn(CO),,] sample, the amount of the 
D-structure decreased. A similar decrease 
was found for the K[FeMn(C0)9] sample, 
which also showed a strong doublet attrib- 

1 
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utable to the anionic clusters previously 
mentioned. 

The spectra obtained after reducing the 
catalysts for 2 h at 473 K are shown in Fig. 
5. For all the catalysts, the D-structure was 
present along with an additional peak just 
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FIG. 5. Miissbauer spectra at 77 K after heating for 1 h at 473 K in Hz flow: (a) NEtd[FezMn(CO)J 
catalyst, (b) K[HFe,(CO),,] catalyst, (c) K[Fe2Mn(C0),J catalyst, and (d) K[FeMn(CO)J catalyst. 
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FIG. 6. Intensity of MGssbauer peak at 0.7 mm/s 
relative to the maximum absorption at 0 mm/s after 
pretreatment in Hz for 2 h at 473 K. Data for FeS(C0)12 
sample are from Ref. (31). 

to the right of the central peak. For fitting 
purposes, this additional peak was assumed 
to be the high velocity portion of a doublet 
whose other peak was at 0 mm/s. The inten- 
sity of this peak relative to the central peak 
increased sharply as a result of using K as a 
counter ion, as indicated in Fig. 6. This spe- 
cies is almost certainly an oxide or a car- 
bide; however, as discussed later, it is diffi- 
cult to distinguish between the two on the 
basis of the data collected here. In an at- 
tempt to identify this species, samples 

of the NEt4[Fe2Mn(C0)12] and K[Fez 
Mn(C0)i2] catalysts were transferred to the 
LT cell and spectra were collected at 10 K. 
However, these spectra were very similar 
to those shown in Fig. 5, and no hyperline 
splitting was observed. 

Following the treatment at 473 K, CO 
was adsorbed on each catalyst at 298 K and 
0.1 MPa. No changes in the spectra were 
detected as a result of the adsorption. The 
spectra were never magnetically split after 
the treatment at 473 K, indicating that the 
Fe dispersion in these catalysts remained 
quite high. 

III. High Temperature Treatment in H2 

Following the decarbonylation and CO 
adsorption experiments, all the catalysts 
were treated at 673 K in flowing H2 for 16 h. 
The resulting spectra for the NE4 
[FeZMn(CO)izl and K[Fe2Mn(C0)12] cata- 
lysts at 77 K are shown in Fig. 7. The 
K[HFe3(CO)ii] and K[FeMn(CO)J spectra 
were similar in appearance to Fig. 7b; large 
(Y-Fe particles were detected, again with no 
indication of Mn being incorporated in the 
Fe particles. For the K[HFe3(CO)Ii] sample 
the hyperfine field was slightly reduced 
from the value for bulk (Y-Fe (Table 1) indi- 
cating that the particles were “relaxed” 
and that the average particle size was prob- 
ably below 15 nm (32). The isomer shift was 
slightly positive, which is not unusual for 

FIG. 7. MGssbauer spectra at 77 K of catalysts after reduction at 673 K for 16 h: (a) NEt4 
[Fe,Mn(CO),J catalyst and (b) K[Fe2Mn(CO)J catalyst. 
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iron particles on carbon or graphite sup- 
ports (33). 

Consistent with the MES results, exami- 
nation of the K[Fe2Mn(CO)i,] catalyst by 
electron microscopy showed the formation 
of groups of large metal particles (Fig. 8). 
While this group of large particles gave 
strong EDS signals for Fe and Mn, K was 
not detectable. This suggests that most of 
the K was contained in the areas of carbon 
vacated by the metal. However, because 
the olefin selectivity of this catalyst still re- 
mains much higher than that of an equiva- 
lently treated unpromoted catalyst (2Z), it is 
almost certain that some K remains on the 
surface of these metal particles. 

Following the high temperature HZ treat- 
ment, CO was again adsorbed on these 
samples at 298 K and 0.1 MPa. For all of 
the promoted catalysts, adsorption of CO 
had no effect on the spectrum, consistent 
with a large Fe particle size. 

A completely different situation exists 
for the NEtd[FezMn(CO)iz] catalyst. This 
sample consisted largely of the D-structure, 
but the peak at 2.1 mm/s was slightly more 
intense than that in an Fe-only catalyst 
(31). For fitting purposes, only the D-struc- 
ture was assumed to be present. CO ad- 
sorption at 298 K and 0.1 MPa produced 
peaks corresponding to Fe(CO)5, indicating 
that at least a fraction of this phase was 
very well-dispersed. As in the case of the 
freshly impregnated catalyst, it was not 
possible to image any individual metal par- 
ticles clearly in the STEM, even at high 
magnifications (Fig. 9). EDS measurements 
of the image area of Fig. 9 still show a 
Fe : Mn ratio of Fe2Mnl,26, close to the 
value expected from the precursor. 

As a final step, all the samples were ex- 
posed to flowing syngas (H&O = 3) at 498 
K for 2 h. In the case of the KIHFe,(CO)I1], 
K[Fe2Mn(C0),J, and K[FeMn(C0)9] sam- 
ples, total carburization to &‘-carbide took 
place (Fig. 1Oa) based on the hypertine 
splitting and isomer shift (34) found at 77 K. 
The fact that these catalysts carburized also 
implies an absence of Mn incorporation in 

the bulk of the Fe particles because pre- 
vious studies of bulk Fe catalysts have 
shown that the presence of Mn inside bulk 
Fe suppresses carbide formation (6, 12, 
15). The results here are consistent with 
previous MES studies which have shown 
that reduction of Fe and Fe-Mn catalysts at 
523-673 K produced significant amounts of 
a-Fe that carburized under reaction condi- 
tions (13, 35, 36). 

The spectrum of the NEt4[Fe2Mn(C0)J 
sample did not change after a 2 h exposure 
to the HZ/CO mixture (Fig. lob), nor was it 
altered by an additional 12-h exposure to 
the HZ/CO mixture. No hyperfine-split lines 
appeared from the sample in any state, im- 
plying that the particles were well-dis- 
persed throughout the experiment. To in- 
vestigate the D-structure of the NEtd 
[FezMn(CO)lZ] catalyst further, a second 
sample from the same batch of C-supported 
NEt4[FeZMn(C0)n] was treated in exactly 
the same manner as the first sample. Fol- 
lowing treatment at 673 K, the catalyst was 
transferred to the LT cell and peaks for (Y- 
Fe were obtained, but other components 
are also present. Most importantly, the 
outer line of a species with a hyperfine split- 
ting greater than that of Fe is visible, as 
indicated by * in Fig. 11. 

DISCUSSION 

No MES studies have been reported for 
the precursor mixed-metal carbonyl clus- 
ters on a support surface; however, the ex- 
cellent agreement of the MES parameters 
with the unsupported solid clusters shows 
that the clusters retain their integrity on 
carbon. This is also consistent with the 
DRIFTS spectra (20). On the basis of the 
MES evidence collected in this study, the 
initial carbonyl clusters are proposed to de- 
compose via the formation of an Fe anionic 
intermediate, either [HFe4(CO),J or 
[HFe2(CO)sI-. Although the MES parame- 
ters better fit the former species, clear evi- 
dence for the presence of the [HFe,(CO),J 
cluster only is provided by the DRIFTS 
spectra (20). As discussed in more detail 
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FIG. 8. Transmission electron micrograph of K[FetMn(C0),2] catalyst after 16 h reduction at 673 K. 
Strong EDS signals were obtained from the large particles; however, K was still not present in 
detectable amounts. Composition, FezMnO.s. 
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FIG. 9. Transmission electron micrograph of NEt4[FezMn(CO),J catalyst after 16 h reduction at 673 
K. Composition, Fe2Mn, 26. 
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FIG. 10. Mossbatter spectra at 77 K after 2 h syngas flow (Hz/CO = 3) at 1 atm and 498 K. (a) 
K[HFe,(CO),,] catalyst, K[Fe,Mn(CO),,] and K[FeMn(C0)9] samples gave similar spectra after the 
same pretreatment. (b) NEt,[Fe,Mn(CO),,] catalyst. There was no change in the appearance of this 
spectrum after an additional 12 h of syngas flow at 498 K. 

elsewhere, large amounts of Mn2(CO)r0 
were detected by DRIFTS during decar- 
bonylation of the K[Fe,Mn(CO)i,] and 
NEt4[Fe2Mn(C0)i2] clusters under H2 (20). 
This observation is consistent with the for- 
mation of several possible Fe species, 
including [HFe4(CO)J-, [HFe2(CO),]-, 
Fe2(C0)9, [HFe,(CO)ir]-, or Fe in a posi- 
tive oxidation state. The MES parameters 
obtained following decarbonylation at 323 
K are not consistent with the presence of 
any of the last three compounds according 
to the previously published data on these 
species (30, 37). However, the dinuclear 
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FIG. 11. Mossbauer spectrum at 10 K of the NE4 
[FezMn(CO)J catalyst following reduction in Hz at 
673 K for 16 h. The sample was transferred to the low 
temperature cell in a Nz-purged glovebox prior to 
spectrum collection. 

and tetranuclear anions are not reliably dis- 
tinguished by MES since they have the 
same isomer shifts and their quadrupole 
splittings differ by less than 0.2 mm/s (30). 
The doubly negative [Fe4(CO)$ anion can 
be ruled out because both the isomer shift 
and the quadrupole splittings are smaller 
than the values found in this study (30). 

A previous X-ray study has shown that 
the [HFe4(CO)& cluster has a “butterfly” 
geometry in the crystalline state (38), with 
one of the CO ligands interacting with all 
four Fe atoms. The results obtained here 
agree in general with a recent MES study of 
the unsupported [HFe4(CO>& anion (39); 
however, the outer quadrupole doublet as- 
sociated with one of the “wingtip” Fe at- 
oms is not as pronounced in our spectra as 
in the unsupported cluster. One earlier re- 
port (30) has noted that the appearance of 
the outer doublet was variable, and it is pre- 
sumed here that some distortion of the sup- 
ported cluster may be responsible for the 
observed differences. 

In all samples, Fe(C0)5 was detected af- 
ter decarbonylation at 323-373 K. The 
presence of this species is apparently gov- 
erned by an interaction with the carbon 
support, because an identically prepared 
sample supported on graphite, which gives 
minimal surface interactions, shows no for- 
mation of Fe(CO)j (40). After being heated 
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at 423 K, these Fe(C0)5 clusters decom- 
posed to yield additional highly dispersed 
superparamagnetic Fe. 

The [HFe4(C0)i3]- anion may be stabi- 
lized by a cationic species existing at the 
carbon surface; for example, the D-struc- 
ture appearing in many of the spectra could 
be a source of stabilizing Fe ions. In an ear- 
lier study (.?I), this species was proposed to 
consist of two parts: superparamagnetically 
collapsed Fe or Fe carbide, plus Fe*+ ions 
coordinated to the carbon surface through 
oxygen atoms. This assignment is dis- 
cussed more completely later. The in- 
teraction of [Fe-CsH512+ cations with 
[Fe4(C0)13]2p anions has been reported in 
the literature (4Z), and it is postulated here 
that a similar interaction could occur be- 
tween [HFe,(CO),$ and Fe*+, thereby 
forming larger clusters of Fe atoms. For the 
K-promoted catalysts, less of the D-struc- 
ture was formed, and it is possible that 
some of the anions were stabilized with K+ 
ions instead of Fe’+ ions. 

During the final decarbonylation at 473 K 
all of the samples formed the D-structure 
plus an additional species which appeared 
as a peak immediately to the right of the 
central peak. Presumably, this side peak is 
a part of a doublet, whose other peak is 
near 0 mm/s. The assignment of this dou- 
blet is uncertain; however, at least three 
possibilities exist. First, the species could 
be an Fe-Mn mixed oxide; however, pre- 
vious investigations (42) have shown that 
such oxides have a higher isomer shift than 
those observed in Fig. 5. Furthermore, a 
similar side peak also appeared in an earlier 
study of Fe-only catalysts (31), which ar- 
gues against an Fe-Mn mixed-oxide spe- 
cies. Another possibility involves the for- 
mation of Fe carbide species via 
dissociation of CO from the carbonyl li- 
gands on the Fe-Mn particle surface. As 
Cameron and Dwyer have shown recently 
(43, 44), CO can bond to Fe(lOO) surfaces 
through both the C and the 0 ends of the 
molecule in addition to adsorbing disso- 
ciatively. This allows the possibility for sur- 

face C to diffuse into the particles and form 
an Fe carbide species. A previous report of 
WW5 decomposition on graphite 
presents evidence favoring this alternative 
(33). In the present case, the carbide 
formed would have to be superpara- 
magnetic, since no hyperfine-split peaks 
were obtained in the spectra after the 473 K 
pretreatment. The previously reported val- 
ues of the isomer shift (0.23 mm/s) and 
quadrupole splitting (0.90 mm/s) for super- 
paramagnetic &‘-carbide were obtained at 
room temperature (34, 45). The isomer 
shifts reported here are clearly larger than 
those reported earlier; however, in theory 
and in practice (25), isomer shifts become 
progressively more positive as the tempera- 
ture is lowered. Thus, the values measured 
here are consistent with those expected for 
iron carbide. A final alternative is that this 
doublet represents an Fe3+ oxide species. 
This possibility is supported by a previous 
investigation where carbon-supported, Fe- 
only catalysts were reduced at 473 K and 
then deliberately oxidized in air (31). Upon 
rereduction in flowing H2 at 473 K, a spec- 
trum similar to that in Fig. 7a was obtained. 
No oxygen contribution is expected from 
the carbon surface because it was handled 
in an inert atmosphere subsequent to a high 
temperature H2 treatment, which removes 
oxygen groups from the surface (46, 47). 
However, the oxygen could be provided by 
the dissociation of CO produced during the 
decarbonylation process. While it is not 
possible to distinguish between the last two 
alternatives (i.e., carbide vs oxide) based 
on the evidence here, the fact that the side 
peak increases in intensity when K is added 
implies that its formation is facilitated by 
CO dissociation, because previous results 
have shown that K enhances CO dissocia- 
tion on Fe surfaces (44, 48). 

After the Hz pretreatment at 473 K, no 
MES evidence was found to indicate the 
presence of bulk Fe2MnOd in the bimetallic 
catalysts. Nevertheless, for the NEt, 
[Fe2Mn(CO)i2] cluster in particular, past 
studies have shown that enhanced olefin se- 



456 CHEN ET AL. 

lectivity exists after pretreatment at 473 K 
(18). These observations taken together im- 
ply that the spine1 phase, if it exists at all, is 
confined to the surface of the Fe-Mn parti- 
cles. It is possible that, because of the small 
particle sizes involved, the spine1 phase is 
superparamagnetic, but a previous study 
has shown that Fe2Mn04 particles as small 
as 6-19 nm still show hyperfine splitting 
(49), although the value is reduced from the 
bulk value reported elsewhere (50, 51). Ap- 
parently no studies have been performed on 
Fe2Mn04 particles so small that the hyper- 
fine field completely collapses, so the exis- 
tence of extremely small spine1 particles or 
a surface spine1 structure cannot be ruled 
out. On the basis of the observation that 
Mn2(CO)10 formed as the cluster decom- 
posed, a more likely scheme is that the Mn 
exists as small Mn oxide (most likely MnO) 
particles dispersed on the surface of the D- 
structure Fe particles. 

Metal Structure following High 
Temperature Treatment in Hz 

In all the catalysts made from clusters 
containing potassium, the iron and manga- 
nese phases separated during high tempera- 
ture reduction and the iron formed large 
a-Fe particles, which is in agreement with 
previous work on the reduction behavior of 
Fe-Mn oxides and spine1 structures (3, I I, 
12,52). This is clearly seen in the unrelaxed 
MES spectrum (Fig. 7b), and TEM shows 
that the resulting metal particles on carbon 
are very large, i.e., 20-30 nm (Fig. 8), yet 
no intermetallic compounds were detected 
in any of these catalysts by MES. Regard- 
less, the CO uptakes at 195 K on these sam- 
ples are significantly higher than expected 
for iron crystallites of this size (22). It is 
possible that during phase segregation 
small iron zones form along with MnO 
zones, and the large particles observed by 
TEM are composed of a mixture of these 
smaller zero-valent Fe and MnO zones. Ox- 
idation of large Fe-Mn particles followed 
by a HTR step produced such small segre- 
gated zones of iron (54). The MES spectra 

of large particles consisting of an agglomer- 
ate of such a mixture of smaller iron and 
MnO zones would probably be identical to 
that of a single large iron crystallite because 
of the strong interaction anisotropy (55) be- 
tween the iron zones, yet the iron surface 
area would be much higher than that of a 
single large iron crystallite. In contrast, 
particles produced from the cluster contain- 
ing no potassium, i.e., NEt4[Fe2Mn(C0)i2], 
remained well dispersed after reduction at 
673 K. In fact, the MES spectrum (Fig. 7a) 
was unchanged (the D-structure). Also, no 
particles were visible in the TEM micro- 
graphs. Further characterization of this cat- 
alyst indicated that a small amount of 
Fe(CO)s reformed during CO adsorption at 
300 K following high temperature reduc- 
tion, and the olefin selectivity dropped in 
the CO/Hz reaction (18,21). These observa- 
tions are consistent with a catalyst initially 
consisting, at least partially, of small, zero- 
valent Fe particles. 

The fact that particles made from K-con- 
taining clusters sinter readily is not surpris- 
ing. Potassium is known, empirically, to 
promote sintering of bulk iron catalysts 
(53), and its role in facilitating agglomera- 
tion of Fe on carbon-supported catalysts 
has been observed before (18). One possi- 
ble explanation is that the potassium blocks 
the active sites on the carbon surface, ef- 
fectively removing all stabilizing “anchor” 
sites and allowing the metal to sinter rap- 
idly as it does on graphite supports (54). 
This is discussed in greater detail in the 
third paper in this series (21). 

It is most likely that the D-structure con- 
sists of a combination of superpara- 
magnetic, zero-valent iron and an Fe*+ ox- 
ide species (31). Similar peak positions and 
relative intensities have been reproducibly 
obtained in a number of iron/carbon sys- 
tems (31,35,40) and, in addition, this spec- 
trum has never been reported for iron dis- 
persed on refractory oxide supports. 
Therefore, it seems probable that the Fe0 
and Fe*+ species are present in a well-de- 
fined configuration, rather than an arbitrary 
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mixture of two phases, hence our designa- 
tion as the D (for decomposition)-structure. 
The MES spectrum at 10 K provides addi- 
tional information regarding the morphol- 
ogy of the D-structure. Indeed, it can 
readily be seen in Fig. 11 that a significant 
amount of a-iron is present. This is consis- 
tent with the work of others on Fe-only par- 
ticles on carbon. Niemantsverdriet et al. re- 
ported spectra of Fe in the D-structure at 
300 and 77 K, and they found that these 
spectra resolved primarily into a-Fe at 4 K 
(36). 

The low temperature spectra also suggest 
there is interaction between the iron and 
the manganese. The presence of a peak on 
the far right and the absence of companion 
peak on the far left suggest the presence of 
a species with a large hyperfine field and a 
large positive isomer shift. This is regarded 
as circumstantial evidence that an oxide 
phase is also present. In contrast, it was 
found in both the present study (40) and an 
earlier study (36) that for iron-only struc- 
tures on carbon, which have spectra nearly 
identical to those reported here at 300 and 
77 K, no such peak exists in the low tem- 
perature spectrum. This suggests that man- 
ganese and iron do interact to some extent, 
possibly forming a mixed-metal oxide. 

A question remains about the state of the 
Fe-Mn catalyst under flowing syngas at 498 
K. The MES data clearly show that the iron 
in the particles produced from potassium- 
containing clusters forms s-carbide (Fig. 
lOa). This is not surprising as it was previ- 
ously shown that the iron and manganese 
were phase separated in these particles dur- 
ing high temperature reduction, and it is 
generally expected that iron will carburize 
during CO hydrogenation over its surface 
(25, 34, 45). However, the state of the iron 
in the NEt4[FezMn(C0)12] catalysts is not 
as clear. Although the Mossbauer spectra 
suggest that little change took place under 
synthesis gas at 498 K (Fig. lob), it is possi- 
ble that the metallic component of the D- 
structure was fully carburized. Superpara- 
magnetic carbide and superparamagnetic 

a-iron are difficult to distinguish, as shown 
in the earlier study by Niemantsverdriet et 
al. (36). 
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