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Transmission electron microscopy (TEM) and Mossbauer spectroscopy (MES) were used to 
study the morphology of graphite-supported iron-manganese particles. Following oxidation at 500 
K MES showed the iron in the particles to be fully oxidized. TEM showed all the particles to be 
torroidal in appearance. However, tilting resulted in no change in the apparent dimensions of the 
particles, yet the apparent distances between particles were sharply reduced. These results suggest 
the particles are actually spherical. On the basis of these experiments, and similar experiments with 
reduced particles, a model was developed: Following reduction the particles are spherical and 
consist of a metallic iron core surrounded by a shell of manganese oxide. During oxidation, iron 
ions diffuse through the manganese oxide shell to the particle surface. Eventually, this results in the 
formation of nearly spherical particles with hollow centers, inner shells of iron-manganese spinel, 
and outer shells of iron oxide. Upon an additional reduction the hollow center remains, but the 
shells phase segregate into regions of iron metal and manganese oxide. 6 1989 Academic press, 1~. 

INTRODUCTION 

Manganese-promoted iron catalysts are 
known to be excellent Fischer-Tropsch 
catalysts, since they are more selective for 
olefins than unpromoted iron (Z-3). Cata- 
lysts derived from Fe-Mn carbonyl clus- 
ters dispersed on carbon are of particular 
interest because of their high selectivity to 
low-molecular-weight olefins (4). 

In order to understand the special chem- 
istry of these catalysts, a number of studies 
of structure have been undertaken (3-14). 
It has been found that the particles exhibit 
complex structural behavior which is a 
function of temperature and gas composi- 
tion. After initial calcination in air or fol- 
lowing any high-temperature oxidation 
treatment, it is generally agreed that most 
of the metal is present as one or more forms 
of Fe/Mn oxide, the precise composition 
depending on the starting Fe/Mn ratio (3, 
7). Following high-temperature reduction 
in hydrogen, an iron-rich and a manganese- 
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rich phase form, and again the composi- 
tions are a function of the starting Fe/Mn 
ratio (7, 22). In iron-rich catalysts, for ex- 
ample, the two phases are generally under- 
stood to be ar-Fe and a MnO phase which 
contains some Fe0 impurity (14). More- 
over, the MnO phase is thought to cover 
the a-Fe phase (3, 10, 11, 14). 

Under Fischer-Tropsch reaction condi- 
tions there are conflicting reports regarding 
the phases present and the identity of the 
active phase. Jensen and Massoth (14) re- 
ported that Q-Fe and MnO were the princi- 
pal active phases, which were the same 
phases they found under reduction condi- 
tions. They reported that only a small 
amount of iron carbide formed, and they 
suggested that the manganese in the parti- 
cles act only as a catalytic “promoter,” de- 
creasing the specific Fischer-Tropsch ac- 
tivity and changing the selectivity of the Fe 
phase. In contrast, Van Dijk et al. (15) re- 
ported that virtually all the Fe was con- 
verted to carbide under reaction condi- 
tions, and the Mn remained in the form of 
MnO. Yet another group (6, 7) suggested 
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that the exact phases present under reac- 
tion conditions are a function of a number 
of parameters including pretreatment con- 
ditions, gas phase composition, and tem- 
perature. In all cases they found at least 
some nonstoichiometric Fe3-xMn,04 mixed 
spine1 to be present, and they contend that 
the Mn oxide phase reduces the rate of Fe 
carburization and thus enhances catalyst 
lifetime. 

Although progress has been made in un- 
derstanding the complexities of the Fe-Mn 
system, many questions remain unan- 
swered. For example, the structural ar- 
rangement of the various phases present in 
the particles remains unknown. Further- 
more, the influence of treatment on the 
structure remains unclear. In the present 
study, an effort was made to understand the 
structural changes which take place in Fe- 
Mn particles as a result of reduction and 
oxidation treatments. Specifically, the 
structure of Fe-Mn particles formed on a 
graphitic support via the thermal decompo- 
sition of a mixed-metal carbonyl cluster 
precursor was studied using Mossbauer 
spectroscopy (MES), X-ray diffraction 
(XRD), and transmission electron micros- 
copy (TEM). 

Recent work on the structure of Fe-Rh 
catalyst particles demonstrated the advan- 
tages of using noninteractive supports for 
the study of bimetallic catalyst particles 
(16). The minimal interaction between the 
graphite support and the metals means that 
particle-support interactions will not 
strongly influence morphology, thus re- 
moving a source of ambiguity in the data 
analysis. The minimal interaction also 
results in the formation of larger particles 
which give less “relaxed” Mossbauer spec- 
tra (17) and narrower lines in the XRD mea- 
surements. 

On the basis of the results obtained in the 
present study, a model of Fe-Mn particle 
structure following reduction and oxidation 
treatments was developed. It is suggested 
that hydrogen reduction at 673 K results in 
the formation of spherical particles with a 

metallic Fe core and a surrounding shell 
which is predominantly MnO. During high- 
temperature oxidation, it is proposed that 
diffusion of Fe ions through the MnO layer 
leads to the formation of an inner shell of 
FezMn04 and an outer shell of y-FezOJ. 
This diffusional process leaves a spherical 
void space at the center of approximately 
spherical particles. The structures cannot 
be “cycled”; that is, following the oxida- 
tion step, a subsequent reduction leads to a 
breakdown of the outer shells into small 
particles of metallic Fe and MnO, but the 
center void space remains. 

EXPERIMENTAL PROCEDURE 

Catalyst Preparation 

G&oil (Union Carbide), the catalyst 
support used in the present study, is a 
highly graphitic, very pure carbon with a 
relatively low average surface area of 22 
m*/g, nearly all of which exists as highly 
uniform basal plane surface (18-21). Prior 
to metal impregnation, the Grafoil was 
ground and then pretreated in flowing H2 
for 12 h at 1223 K. After being cooled in the 
H2 flow to room temperature, it was trans- 
ferred without exposure to air to a nitrogen- 
purged glovebox. N[(C2H&]Fe2Mn(CO)i2 
was prepared in accordance with a previ- 
ously published procedure (22) and then 
dissolved in dried, degassed THF. This so- 
lution was added dropwise to the continu- 
ously stirred Grafoil under a nitrogen atmo- 
sphere using standard Schlenk techniques 
(23). Following impregnation the THF was 
removed from the catalyst by evacuation at 
0.13 Pa and 298 K for 8 h. It is important to 
note that at no point in this procedure was 
the catalyst exposed to oxygen. The final 
weight loading of the catalyst was found to 
be 6.4 wt% total metal and 4.4 wt% Fe. For 
control purposes, Fe-only and Mn-only 
catalysts were prepared in an identical 
fashion using Fe3(C0)r2 (Pressure Chem- 
ical Co.) and Mn2(CO)io (Pressure Chem- 
ical Co.), respectively, as the catalyst 
precursors. 
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Miissbauer Spectroscopy 

The MES system has been described in 
detail elsewhere (24). It consists of elec- 
tronics and data handling system from Aus- 
tin Science Associates Inc. and a stainless- 
steel cell with Kapton windows capable of 
being operated at temperatures ranging 
from 77 to 700 K and pressures ranging 
from 0.1 MPa to 1.3 x 10e3 Pa. The cell is 
attached to a standard glass high-vacuum/ 
gas handling system. Following drying the 
samples were placed without air exposure 
in the Mossbauer cell and all further treat- 
ments were conducted in situ either under 
vacuum or in flowing gases at 0.1 MPa. For 
the 10 K spectra, air-exposed samples were 
placed in an Air Products Helitran liquid 
He-cooled Mossbauer cell which was evac- 
uated during data collection. 

The spectra were analyzed with the pro- 
gram MFIT (25) which fits the data to an 
assigned number of Lorentzian lines super- 
imposed on a flat baseline. The fitting is 
“least squares” and employs a random 
stepping of free parameters. All sextuplets 
were constrained such that (i) the separa- 
tions between lines were consistent with 
the known nuclear magnetic moment of Fe 
and (ii) the dips and widths of peaks at neg- 
ative velocity were equal to those of corre- 
sponding peaks at positive velocity. In 
sum, the free parameters are the quadru- 
pole splittings, hyperiine fields, and isomer 
shifts. All of the spectra were collected in 
the constant acceleration mode and all iso- 
mer shifts are reported with respect to (Y- 
Fe. 

X-Ray Diffraction 
X-ray diffraction measurements were 

performed on air-exposed samples using a 
Rigaku Model 401 lB3 diffractometer. Prior 
to mounting into the diffractometer the 
samples were pressed into pellets at ap- 
proximately 10,000 psi (69 MPa). As shown 
in an earlier study (26), this has the effect of 
aligning the basal planes of the Grafoil, thus 
greatly simplifying the diffraction pattern. 

Transmission Electron Microscopy 

TEM studies of air-exposed samples 
were conducted at 120 kV with a Philips 420 
STEM microscope equipped with a Link 
Systems energy-dispersive X-ray analyzer 
(EDS). Particularly crucial to the experi- 
ments described later was the fact that the 
specimen stage could be tilted between the 
angles of -3.5” and t-35” relative to horizon- 
tal. For EDS analyses, the stage was tilted 
at -30” and the electron beam was focused 
to a 70-nm spot which was placed on the 
area to be analyzed. 

So that particular particles could be stud- 
ied sequentially in the electron microscope 
as a function of pretreatment, six speci- 
mens were prepared on heat-resistant MO 
grids as follows. After the first reduction 
treatment at 673 K (see below), some of the 
catalyst was attached to replica tape and 
then thinned by repeated removing of lay- 
ers of Grafoil with adhesive tape, using a 
method similar to that described elsewhere 
(27). The replica tape with the thinned 
Grafoil flakes was cut into 2 X 2-mm 
squares, and each square placed on a 200- 
mesh MO grid. The replica tape was then 
dissolved using acetone vapor. 

Some of the particles on each of the 
“gridded” samples were selected for study 
as a function of pretreatment Specifically, 
after the first reduction (and ambient atmo- 
sphere exposure) certain particles, chosen 
because they represented a particular class 
(i.e., large or small, isolated or “clumped”) 
of particles, were examined as a function of 
tilt angle. The gridded samples were then 
placed in a simple glass flow reactor, oxi- 
dized, and then returned (following ambient 
atmosphere exposure) to the microscope, 
where the previously studied individual 
particles were relocated and reexamined as 
a function of stage tilt angle. This process 
was repeated for a final time after the sam- 
ples had undergone a second reduction 
treatment. Details of the treatment times 
and temperatures are given in Table 1. The 
MES sample and the gridded samples were 
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TABLE I 

Reduction and Oxidation Pretreatments 

Initial Reduction: Flow Hz over catalyst, raise 
temperature to 673 K, reduce at 673 K for 16 h, 
cool to 298 K in H2 flow. 
High-temperature Oxidation: Flow Oz over cata- 
lyst, raise temperature to 523 K, oxidize for 14 h 
at 523 K, cool to 298 K in O2 flow. 
Re-reduction: Flow Hz over catalyst, raise tem- 
perature to 673 K, reduce at 673 K for 16 h, cool 
to 298 K in H2 flow. 

given identical treatments and, after the ox- 
idation step, part of the MES sample was 
examined in the TEM. This examination in- 
dicated that the particles in the MES sam- 
ple were similar to those observed for the 
gridded samples. 

The purpose of the tilting studies of the 
gridded samples was to determine particle 
shape, specifically to determine if they 
were nearly spherical or closer to being flat 
in shape. The appearance of spherical parti- 
cles will not change significantly upon 
tilting. In contrast, truly flat particles will 
appear shorter in the direction perpendicu- 
lar to the axis of tilt, in proportion to the 
cosine of the tilt angle. There are two deter- 
minations-true horizontal orientation and 
axis of tilt-which must be made for this 
technique to give quantitative results, but 
neither is difficult to determine in practice. 
The axis of tilt can be found by measuring 
distances between objects along a number 
of different lines as a function of specimen 
stage tilt and by determining the particular 
direction along which the line distances 
shorten in proportion to the cosine of the 
tilt angle. The tilt axis will be perpendicular 
to that direction. The true horizontal orien- 
tation can be found by noting the tilt angle 
at which apparent distances between ob- 
jects start to increase instead of decrease. It 
is important to note that the zero tilt angle 
of the specimen stage and the horizontal 
orientation of Grafoil flakes do not corre- 
spond in general; in fact, the true horizontal 

orientation is sometimes completely out- 
side the 70” tilting range of the specimen 
stage. In this case the cosine rule predicts 
that the maximum foreshortening of dis- 
tances perpendicular to the tilt axis will be 
achieved when tilting is done through the 
full allowed range of 70”, and apparent dis- 
tances between objects will continuously 
increase/decrease between the tilt limits of 
the stage. Apparent distances along the per- 
pendicular to the tilt axis at one end of the 
range will be 34% (cos 70”) of those at the 
other end. In the case where the stage hori- 
zontal and the sample horizontal exactly 
correspond, the apparent maximum fore- 
shortening will be the smallest. That is, at 
either end of stage travel (+35”), distances 
between objects will be 82% of those at 
zero tilt. 

RESULTS 

The samples were subjected to a simple 
series of reduction and oxidation treat- 
ments (see Table 1). After each treatment 
the morphology of selected particles on the 
gridded samples was studied by TEM, 
while the Fe phases in the Fe-Mn sample 
were studied using MES. The results of 
characterization following each treatment 
are presented below. 

Reduction at 673 K 

A Miissbauer spectrum of the Fe-Mn 
sample following reduction in flowing H2 at 
673 K for 16 h is shown in Fig. la. The 
spectrum is unrelaxed and has parameters 
characteristic of cu-Fe (Table 2). This sug- 
gests that most of the Fe in the samples was 
present as large ar-Fe particles in which no 
Mn was incorporated. 

TEM studies of the gridded samples fol- 
lowing reduction and air exposure revealed 
that there were two types of particle mor- 
phologies. Particles smaller than about 10 
nm in diameter appeared to have a “ring” 
structure (region 1, Fig. 2); that is, they 
were roughly circular in shape with a light 
center and a dark outer ring. Larger parti- 
cles (Fig. 3 and Fig. 2, region 2) appeared 
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FIG. 1. (a) Mossbatter spectrum (77 K) of Fe-Mn catalyst after reduction in HZ at 673 K for 16 h. (b) 
Mossbatter spectrum (298 K) of sample in (a) after oxidation in pure Or at 523 K for 14 h. (c) Same 
sample as (b), collected at 77 K. (d) Same sample as (b), collected at 10 K. (e) Mossbauer spectrum 
(298 K) of sample in (b) after re-reduction in H2 at 673 K for 16 h. Mijssbauer parameters are shown in 
Table 2. 
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TABLE 2 

Mossbauer Parameters for Fe-MmGraphite Catalyst 

Pretreatment Figure Temp. Assignment I.S. 
(mm/s) 

Q.S. 
(mm/s) 

H (kOe) % Area 

673 W16 h in Hz la 77 o-Fe 0.1 0.0 340.0 100.0 
523 K/14 h in O2 lc 77 Oxide (I) 0.5 0.0 516.0 57.4 

Oxide (II) 0.4 0.0 478.0 42.6 
523 Kl14 h in O2 Id 10 Oxide (I) 0.5 -0.1 520.7 37.8 

Oxide (II) 0.5 0.0 500.5 77.8 
673 K/16 h in Hz le 298 a-Fe 0.0 0.0 330.5 77.8 

Oxide 0.6 1.3 22.2 

roughly circular and had a dark center or 
were uniformly dark. 

For the Fe-Mn sample, EDS studies 
were performed on 10 isolated particles in 
an effort to obtain approximate composi- 

FIG. 2. Transmission electron micrograph of Fe-Mn 
catalyst after initial reduction and air exposure at room 
temperature. The particles in region 1 are predomi- 
nantly below 10 nm in diameter and show a “ring-like” 
structure. The particles in region 2 are larger and ap- 
pear solid. The particles in this figure were all deter- 
mined to be roughly spherical, on the basis of tilting 
experiments between the stage tilt angles of -35” and 
+35”. 

tions. It was found in all cases that both Fe 
and Mn were present within the individual 
particles. On the basis of a large number 
of tilting experiments it was found that all 
the particles, both large and small, were 
roughly spherical. That is, distances be- 
tween objects varied according to the co- 
sine relation, but the particles themselves 
did not appear to foreshorten at all and re- 
mained approximately circular at all tilt an- 
gles. An example of one tilting study is 
shown in Fig. 3. The finding that the parti- 
cles were roughly spherical is consistent 
with a “side view” of the particles as 
shown in Fig. 3c. For the Fe-only and Mn- 
only samples, the particles also appeared 
solid at this stage. An example of the re- 
duced Fe-only particles is shown in Fig. 4. 

Oxidation at 523 K 

Following oxygen treatment for 14 h at 
523 K, the MES results on the Fe-Mn sam- 
ple showed that all of the Fe was oxidized 
(Figs. lb, lc, Id). At room temperature, the 
spectrum was partially relaxed, and there 
was a doublet in the spectrum, indicating 
that at least some of the particles were 
small (17, 18). No fitting of the relaxed 
spectrum was attempted, since the unreli- 
ability of such results is well known (28). At 
low temperatures (Figs. lc and Id), the 
lines were far less “relaxed,” but still 
broadened and somewhat asymmetric, sug- 
gesting the presence of at least two sex- 
tuplets. A comparison of the parameters 
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b 

20nm 

FIG. 3. Representative tilt micrographs on a region of the Fe-Mn catalyst after initial reduction. All 
tilt angles refer to the microscope stage tilt angle relative to the stage horizontal at 0”; tilt axis is marked 
TA. (a) +30”; (b) +25”; (c) + 18”. Micrograph (c) shows the particles “edge on.” 

obtained in this work (Table 2) with or Fe,-,Mn,O,, existed in the oxidized 
parameters previously obtained on various sample. The presence of bulk a-Fez03 can 
oxides (Table 3) indicates that ar-FezOX and/ be ruled out since the hyperflne splitting of 
or a mixed oxide species, either FezMn04 that species is 20 kOe greater than the split- 
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FIG. 4. Micrograph of Fe-only sample after reduc- 
tion at 673 K and air exposure at 300 K. 

tings found here. It is clear that MES alone 
is not sufficiently sensitive in this case to 
determine with absolute certainty whether 

only one or both of these species were 
present. 

In order to obtain further phase informa- 
tion on these samples, they were removed 
from the MES cell and studied using XRD. 
It was assumed that air exposure following 
a high-temperature oxidation had no effect 
on the phases present. A broad peak for 
FezMn04 and two peaks for a-Fe203 were 
detected (Fig. 5). Thus, on the basis of both 
the XRD and the MES results, it was con- 
cluded that both Fe-Mn spine1 and a-Fe203 
were present after high-temperature oxida- 
tion. 

TEM studies showed that following the 
oxidation procedure, virtually all of the par- 
ticles had a ring-like appearance, as seen in 
Figs. 6 and 7, and had noticeably expanded. 
Tilting studies were conducted to deter- 
mine the shape of the particles. Figure 7 
shows a tilt sequence on the same particles 
as those in Fig. 3, but after oxidation. It 
was found that to a good approximation, 
the overall appearance of the particles was 
independent of the tilt angle. In some cases, 
the foreshortening of apparent distances 
between surface features was quite signifi- 

30 40 50 60 

28 

FIG. 5. X-ray diffractogram of the oxidized Fe-Mn catalyst, subsequently air exposed during load- 
ing. Peaks resulting from the Grafoil support are marked G. The broad peak at 20 = 35.03” (S) 
corresponds to FezMnO,, while peaks at 20 = 35.6” and 20 = 62.7” (F) indicate that some y-Fez09 is 
present. The peaks marked H are from the specimen holder. 
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TABLE 3 

Mossbatter Parameters of Bulk Oxides 

Assignment/form Temp. (K) I.S. 
(mm/s) 

Q.S. 
(mm/s) 

H (kOe) Reference 

A. Fe2Mn0, 
FerMnOJbulk 
Site (I) 
Site (II) 

FezMnOd/bulk 
Site (I) 
Site (II) 

FerMnOJbulk 

FezMnO&ulk 
Site (I) 
Site (II) 

FezMnOl powder 
Site (I) 
Site (II) 

Fe2Mn0Jbulk 

B. FezOr 
y-Fe203/bulk 
Site (I) 
Site (II) 

y-FerOJbulk 
a-Fe203/bulk 

cr-Fe203ibulk 

Fe*OJgraphite 

yFe203/bulk 

c+Fe203ibulk 

c+Fe203ibulk 

293 0 470 * 25 
0 450 * 25 

(49) 

295 (12) 

300 

298 

298 

77 

299 

298 

298 

298 
298 

85 

77 

0 

0.5 

493 
443-486 

425 

480 
456 

0.4 -0.1 490.1 
0.5 0 438.8 

0.1 510 f 20 

488 k 5 
499 2 5 

0.3 496 -+ 20 

515 

522.2 

0.4 -0.1 504.5 

515 2 20 

540-544 

544 

(50) 

(51) 

This work 

(49) 

(53) 

(54) 
(53) 
(55) 

This work 

(52) 
(55) 

(55) 

cant, while the apparent diameter of the 
particles remained virtually constant, as 
seen in Fig. 8. The results of the tilt series 
in Fig. 8 are quantitatively summarized by 
the plot shown in Fig. 9. As Fig. 9 illus- 
trates, the interparticle distance foreshort- 
ens in accordance with the cosine of the 
relative tilt angle. The diameters of the par- 
ticles, however, stayed almost constant, 
consistent with a spherical geometry. 

TEM studies of the oxidized Fe-only and 
Mn-only catalysts showed that the Mn-only 
particles remained solid (Fig. IO), whereas 
the Fe-only particles formed voids (Fig. 
11). Also, it is important to note that, while 

the Fe particle diameters expanded by ap- 
proximately 50% on oxidation, no detect- 
able expansion of the Mn particles oc- 
curred. Tilting studies indicated that in both 
samples the particles were roughly spheri- 
cal in shape, and the results are summa- 
rized in Fig. 12 for the Fe-only sample. 

On the basis of all the TEM observations, 
it is concluded that the particles which ap- 
pear to have a “ring structure” are, in actu- 
ality, nearly spherical in shape. This simple 
postulate explains the fact that the appear- 
ance of the particles is independent of the 
tilt angle, and the fact that there is no fore- 
shortening of the particles during tilting. 



MORPHOLOGY OF GRAPHITE-SUPPORTED Fe-Mn CATALYST 577 

FIG. 6. Micrograph of Fe-Mn sample after oxidation 
and air exposure at 300 K showing a group of particles. 
A tilt series on this group of particles showed that the 
two particles in the upper left were spherical in shape. 
The overlapping particles all appeared ring-shaped at 
all tilt angles. 

Given that the particles are spherical fol- 
lowing both oxidation and reduction, it is 
reasonable to make a size comparison be- 
tween particles on the basis of a measure- 
ment of diameter. This was done for a num- 
ber of ring-shaped particles in the Fe-Mn 
sample, and for the particles that did not 
appear ring-shaped after the initial reduc- 
tion, an average diameter enlargement of 
39% was observed when compared to the 
diameter after initial reduction. Particles 
which were ring-shaped after the initial re- 
duction, for example, those in region 1 of 
Fig. 2, did not expand after oxidation. 

Re-reduction at 673 K 

As a final step, the Fe-Mn sample was 
re-reduced at 673 K for 15 h in flowing HZ. 
After this treatment the MES results show 
that a-Fe is the dominant species, although 
about 20% of the spectral area is in the form 
of a doublet, typical of a superparamagnetic 
oxide. The parameters of the (Y-Fe phase 
are precisely those of large unrelaxed crys- 
tals, indicating that it is unlikely that there 

FIG. 7. Representative tilt micrographs of the same region as in Fig. 3, after oxidation at 523 K and 
exposure to air at 300 K. These pictures were taken at the same magnification as that in Fig. 3 so that 
the particle expansion could be measured. Tilt angles refer to the microscope stage tilt angle relative to 
the stage horizontal at 0”. (a) +35”; (b) +lS”. 
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FIG. 8. Representative tilt micrographs on an isolated set of particles after oxidation at 523 K and 
exposure to air at 300 K. All tilt angles refer to the microscope stage tilt angle relative to the stage 
horizontal at 0”. The tilt axis is marked TA. (a) +35”; (b) -6”; (c) -35”. In this case the true horizontal 
of the Grafoil lies outside the tilt limits of the stage. The relative distance between particles A and C 
shortens in accordance with the cosine of the relative tilt angle, as shown in Fig. 9. 

was significant incorporation of Mn into The TEM results show that virtually all 
this phase (Table 2). The presence of the the particles remain ring-like in appe ar- 
doublet is attributed to a small amount of ante. However, the appearance of the 
oxidized Fe due to incomplete reduction. outer part of the ring had changed, appe :ar- 
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FIG. 9. Plot of relative distance between particles A 
and C and relative sizes of particles A and B in Fig. 8 
vs the “relative tilt angle.” For this plot, all distances 
and diameters were normalized to the AC distance 
found at +35” tilt, and the abscissa refers to the num- 
ber of degrees of tilt relative to the upper limit of the 
tilt stage; i.e., a tilt angle of +35” is zero on the graph, 
while -35” is 70” on the graph. (+) Predicted distance 
based on cosine rule; (a) actual relative distance AC 
found; (0, W) relative diameter of particles A and B, 
respectively, normalized to the diameters found at 
+35” tilt. 

ing more rough and inhomogeneous than 
following the oxidation (Fig. 13). This can 
also be seen clearly in a side view of the re- 
reduced particle in Figs. 3 and 6, as shown 
in Fig. 14. Size comparisons between the 
oxidized and re-reduced particles did not 
shown any large changes in the diameter of 
the particles as a result of re-reduction. 

DISCUSSION 

The basic model of particle structure de- 
termined on the basis of the work done in 
this study is shown in Fig. 15. In brief, it is 
postulated that following reduction at 673 K 
in H2 spherical particles which consist of an 
Fe core and a MnO outer layer form. Dur- 
ing oxidation two major processes occur: 
Fe ions diffuse into the MnO structure, 
converting it into FezMnOd or a mixed 

Fe,-,Mn,O, spinel, and also some Fe ions 
diffuse all the way through the MnO layer 
to the exterior of the particle where they 
are oxidized. This leads to the formation of 
an a-Fe203 outer layer on the particles, 
which spreads over the MnO surface. Dif- 
fusion of Fe ions from the particle center 
leaves a metastable void space. During re- 
reduction, the Fe and Mn again phase sepa- 
rate; however, the final morphology is dif- 
ferent than that found following the first 
reduction. The void spaces in the particle 
centers remain largely intact during this re- 
reduction. The major aspects of the model 
are explained below on the basis of the 
present data, earlier studies on Fe-Mn sys- 
tems, and the known mechanism of Fe oxi- 
dation. 

Initial Reduction 

On the basis of the results obtained in this 
study and previously published informa- 
tion, it is very reasonable to propose that 

FIG. 10. Micrograph of Mn-only catalyst after oxida- 
tion at 523 K and air exposure at 300 K. Note that no 
void space formed in these particles. The particle sizes 
did not change as a result of the oxidation pretreat- 
ment. 
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FIG. 11. Micrograph of Fe-only catalyst after oxida- 
tion at 523 K and air exposure at 300 K; same group of 
particles as in Fig. 4. Void spaces formed in all parti- 
cles, and a quantitative summary of a tilt series is 
shown in Fig. 12. 
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FIG. 12. Summary graph of tilting for the Fe-only 
sample after oxidation at 523 K. (+) Predicted normal- 
ized distance based on the cosine rule; (A) actual rela- 
tive distance Dl found; (0) relative diameter of parti- 
cle A; (0) relative diameter of particle B. 

FIG. 13. Micrograph of catalyst after oxidation and 
re-reduction in H2 at 673 K for 16 h. Note the irregular 
surface of the particle in the center of the picture. 

following the initial reduction, the Fe-Mn 
particles are spherical with MnO outer 
shells and metallic Fe cores. Fe-Mn phase 
separation and surface MnO enrichment 
during the high-temperature reduction of 
Fe-Mn particles and films have been previ- 
ously observed by several workers (3, 10, 
II, 14, 29). In the present study the MES 
results confirm that phase separation oc- 
curs with these particles, and it is postu- 
lated that the surface is enriched in Mn ox- 
ide, presumably MnO, following the initial 
reduction. The TEM tilting experiments 
strongly support a spherical particle geome- 
try, since no particle foreshortening was 
detected, and tilting had no effect on the 
apparent circular shape of the particles. It 
is reasonable to anticipate that the particles 
would be spherical on a graphitic support, 
as it has been repeatedly shown that metal- 
graphite interactions are extremely weak 
(18,24,26). Despite the fact that the Fe and 
Mn do not exist in a homogeneous phase, 
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FIG. 14. Micrograph of the same particle as that in 
Figs. 3 and 7 after oxidation and re-reduction at 673 K. 
This edge view was taken at a higher magnification 
than the micrographs in Figs. 3 and 7 to show the 
irregular structure of the surface. No noticeable 
change in the overall size of the particle was noted 
after re-reduction. 

EDS results indicate that the Fe and Mn do 
not tend to form separate monometallic 
particles. Instead, both components are 
present in each particle, presumably in the 
form of Mn oxide covering an Fe core. 

Oxidation 

The proposition that the particles con- 
tinue to be spherical following oxidation is 
again justified by the tilting experiments 
(see, for example, Figs. 7 and 8), by the fact 
that the particle appearance is independent 
of tilt angle, and by the side views of the 
particles (Fig. 7). The ring-like appearance 
is not an artifact due to diffraction. Pre- 
vious investigations have shown that thick- 
ness fringes can appear on solid particles of 
spherical shape at certain tilt angles due to 
diffraction (30). In this study, however, the 
oxidized particles remained constant in 
their appearance at all tilt angles. 

Instead, it is suggested that the ring-like 
appearance results from a hollow core. 
There is precedent for this suggestion. Re- 
cent work (31) with small silica-supported 
Rh particles showed that those particles, 
which are similar in appearance to the parti- 
cles observed here, have a hollow center 
following reduction. Thus, there is prece- 
dent for the suggestion that particles which 
appear ring-like (or toroidal) in the TEM 
have a hollow center. 

The suggestion that the particles have a 
hollow center is further supported by the 
measured increase in the particle diameter 
following oxidation. Consider the case 
where a metal particle exists as a sphere of 
metallic Fe surrounded by a uniform MnO 
shell, with an overall Fe/Mn ratio of 2/l. 
During oxidation, if the particle is con- 
verted to a solid sphere of FezOj covered by 
a shell of Mn203, the predicted diameter 
expansion will be approximately 20%, on 
the basis of the known densities of the re- 
spective metals and oxides. Alternatively, 

AFTER INlTlAL 
RED.JCTlON AT 

673 K 

btl0 

AFTER OXIDATION 
AT 523 K 

AFTER RE-REBJCTIM\I 
AT 673 K 

tv+v,+ Ol-Fe 

FIG. 15. Proposed geometry and phase structure of 
Fe-Mn particles as a result of reducing and oxidizing 
pretreatments. (a) Following reduction at 673 K. (b) 
After oxidation at 523 K. (c) After re-reduction at 673 
K. 
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FIG. 16. Photomicrograph of a large Fe-Mn particle 
(a) after reduction at 673 K and air exposure at 300 K, 
(b) after oxidation at 523 K and air exposure at 300 K. 
Note that the particle interior in (b) has the shape of 
the exterior of the particle in (a) after reduction. 

if the Fe-MnO particle is converted to a 
homogeneous sphere of Fe*MnOd, the ex- 
pansion will be only about 17%. Clearly, 
these values are too low to explain the 39% 

increase observed in this study. From the 
standpoint of volume expansion, the differ- 
ences are even more dramatic; oxidation to 
a solid sphere of oxide will be accompanied 
by a volume expansion of 73% whereas a 
volume expansion of approximately 268% 
was found for the particles in this study. 

Pictures of the oxidation process for the 
large Fe-Mn particle in Fig. 16 support the 
premise that material from the interior of 
the particles diffuses out during oxidation. 
As seen in Fig. 16b, the original outline of 
the particle is retained, but it is surrounded 
by an irregularly shaped layer of material 
following oxidation. If oxidation had oc- 
curred uniformly throughout the particle, 
the particle would have expanded, but it 
would have retained the same exterior 
shape as the reduced particle. 

In the model presented in this work, it is 
proposed that during oxidation Fe ions dif- 
fuse through the MnO layer to the surface 
where they react with oxygen. This is rea- 
sonable for Fe given the general under- 
standing that in codiffusional processes the 
smaller species dominates which, consider- 
ing the relative sizes of oxygen anions and 
Fe cations, is Fe in this case. Indeed, a re- 
cent investigation shows that Fez+ cations 
are quite mobile through oxide layers at 
temperatures above 373 K (32). Also, there 
are several previous studies which show 
cavities forming during iron oxidation (33- 
35). For example, during the oxidation of 
highly curved surfaces such as Fe wires, 
previous investigations (36,37) have shown 
that voids formed between the outer oxide 
layer and the metallic Fe core at tempera- 
tures below 1075 K. These studies further 
illustrate that the model proposed in the 
present work is not without precedent. 

In order to explain the MES and XRD 
data obtained following oxidation, one may 
propose that the MnO layer is converted to 
a layer of Fe2Mn04 or possibly nonstoi- 
chiometric Fe,-,Mn,O,. This seems rea- 
sonble given that Fe ions are thought to be 
diffusing through the (initially) MnO layer 
during the oxidation process. 
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The discussion concerning oxidation ap- 
plies to the large particles which do not 
contain voids just after reduction. For small 
particles less than 10 nm in diameter, it is 
proposed that exposure to air at room tem- 
perature (during transfer to the TEM) leads 
to the formation of similar hollow struc- 
tures by the same mechanism. Because of 
their small size, it is reasonable to assume 
that complete oxidation of these particles 
takes place in a very short time. The pro- 
posal that the small particles were oxidized 
following air exposure after the initial re- 
duction, but just prior to examination in the 
TEM, is consistent with the observation 
that these small particles remain constant in 
size despite the subsequent high-tempera- 
ture oxidation. 

For the Fe-only catalyst, the morphology 
changes caused by oxidation were the same 
as those for the Fe-Mn catalyst, i.e., a 
large particle expansion and the formation 
of a void space in the particle interior. The 
model postulated for the Fe-Mn sample is 
still applicable to the Fe-only case, and, as 
mentioned earlier, experimental results 
have shown that voids form during the oxi- 
dation of Fe-only materials (36, 37). 

The behavior of the Mn-only sample is 
not explainable by the same model as that 
for the Fe and Fe-Mn samples, The fact 
that the Mn particles do not change after 
the oxidation treatment implies that they 
were fully oxidized even after the initial 
reduction pretreatment. Previous results 
have indicated that the reduction of Mn ox- 
ide to zero-valent Mn is very unlikely under 
the conditions used here (4). Thus there 
would have been no driving force for the 
diffusion of Mn cations during oxidation, as 
all of the Mn is already oxidized. The pro- 
posal that the Mn stays oxidized is com- 
pletely consistent with the lack of particle 
growth and the absence of voids in the Mn- 
only sample after oxidation. 

There have been numerous reports of 
“pitted” or “toroidal” particles forming 
during the reduction and oxidation of metal 
particles (31, 38-47). In several previous 

studies, supported metal particles which 
appeared to be ring-like in the TEM were 
assumed to be toroidal in structure (38-43). 
That is, it was assumed that they consisted 
of a thin layer of metal in the center and a 
thick ring of metal on the outside. Possibly, 
the “toroidal” particles seen in these stud- 
ies were actually hollow spheres. Indeed, 
tilting experiments were not performed in 
any of those studies. Furthermore, in virtu- 
ally all cases workers suggested that the to- 
roidal shapes were a consequence of a 
strong interaction between the metal parti- 
cle and the support, although the details of 
the models differed (39, 40, 42). No model 
which requires a strong metal-support in- 
teraction can reasonably apply in the 
present case as all the evidence in both this 
study (e.g., large particles) and previous 
studies (26) suggests that metal-graphite 
interactions are weak. 

Re-reduction 

Upon re-reduction at 673 K, there is no 
change in particle size and the particles still 
appear hollow, but the particle surface ap- 
pears to be very inhomogeneous (Figs. 13, 
14). The exact cause for this is unknown; 
however, one possible explanation is that a 
fracturing of the surface could have oc- 
curred as a result of the reduction of Fez03 
to Fe while it is in contact with Mn oxide. 
This explanation assumes that a thin layer 
of Fe203 exists on the particle exterior fol- 
lowing the oxidation process. In CO hydro- 
genation results reported elsewhere (48), 
the re-reduced surface does give selectivi- 
ties and activities most characteristic of un- 
promoted Fe, which supports the idea of an 
Fe203 overlayer just prior to the re-reduc- 
tion. If this is so, the oxide layer may have 
spread over the Fe-Mn mixed oxide layer; 
this spreading would be analogous to the 
cases where metal oxides spread over ox- 
idic supports (39, 40, 46), with the Fe-Mn 
oxide acting as the “support.” During re- 
reduction, the elimination of 0 from FezOJ 
would contract the outer Fe layer to a 
larger extent than the underlying oxide 
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layer, which would presumably exist as 
MnO after reduction. The resulting shrink- 
age of the FezO, shell would lead to the 
fracturing observed. Further studies are 
needed to confirm this last hypothesis. 

SUMMARY 

Reduction and oxidation pretreatments 
can greatly influence the structure of Gra- 
foil-supported Fe-Mn particles. Following 
an initial reduction, MES results, TEM 
tilting experiments, and previous results 
from the literature suggest that the particles 
exist as a sphere of Fe covered with a layer 
of MnO. Subsequent high-temperature oxi- 
dation of the particles causes them to as- 
sume a hollow spherical geometry, and 
both Fe and Fe-Mn oxides were detected. 
The formation of the mixed oxide is postu- 
lated to take place as a result of the outward 
diffusion of Fe cations, a mechanism of oxi- 
dation which is well known and also ac- 
counts for the formation of a void in the 
center of the metal particles. Re-reduction 
of the oxidized particles causes a breakup 
of the particle surface, and a large portion 
of the Fe in the mixed oxide phase sepa- 
rates to form a-Fe. 

The simplicity of this model suggests that 
it may be applicable to systems other than 
Fe and Fe-Mn including systems in which 
particles were previously reported to be to- 
roidal. In fact, it should be valid in any sys- 
tem where metal oxidation occurs via the 
diffusion of metal ions through an oxide 
layer. As demonstrated, TEM tilting exper- 
iments provide a straightforward means of 
determining whether the particles are 
spherical in shape or actually toroids. 
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