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The morphology of reduced and stabilized ammonia synthesis
catalyst, which is produced by reduction of magnetite, has been
studied using optical microscopy with polarized light and transmis-
sion electron microscopy. The combined use of these techniques
has revealed micrometer size regions of different pore structure
within the reduced magnetite grains. One of these structures con-
sisting of parallel sheets of bec-iron is described. Both the sheets
and the space between them are of typical thickness, 15 nm. The
orientation of iron in the sheets is related to the formmer magnetite
crystal lattice by a rotation of 45° about one of the three (100)
axes. This (100) axis, common to both magnetite and iron, is
normal to the iron sheets. The sheet-like iron regions display large
scale magnetic domains with in-plane magnetization within the

sheets. © 1995 Academic Press, Inc.

INTRODUCTION

The ammonia synthesis catalyst is made by reduction
of magnetite, Fe;0,, containing about 2% promoters, typi-
cally oxides of aluminum, potassium, and calcium. During
reduction, oxygen is removed by hydrogen gas. Porous,
body-centered cubic iron (bce-iron or a-Fe) and promoter
oxides are left behind.

Because of its great importance, the ammonia synthesis
catalyst has been studied extensively during the past
decades. Several models of the catalyst morphology have
been proposed; see Ref. (1) for a review. In a recent
article (2), Schlogl described the catalyst as consisting of
blocks of iron in a network of pores, the iron blocks being
separated by spacers of segregated promoter oxides. Each
block of iron had an internal structure where platelets of
single crystal iron were loosely stacked and the normal
to the iron platelets was the (111) direction.

Pennock et al. (3) investigated the structure of the unre-
duced and reduced catalyst and performed in situ reduc-
tion of magnetite in a transmission electron microscope
(TEM). They observed iron crystallites and pores of ap-
proximately 20-30 nm size and suggested that the pores
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grew along {111} planes in the magnetite. In some regions
all the iron crystallites were found to have the same crys-
tallographic orientation. This was thought to result from
epitaxial nucleation of iron on magnetite during reduction
since the orientation relationship was found to be the well-
established epitaxy relation between a-Fe and magnetite
(4). This epitaxy is such that the {100} planes of iron and
magnetite are parallel. The (010) and (001) directions of
iron are parallel to the (011) and (011) directions of mag-
netite.

Based on a TEM study Taftg et al. (5) reported the
presence of three different iron orientations within the
same reduced magnetite grain. This was attributed to a
Bain-like transformation from the magnetite to body-cen-
tered cubic iron. The three iron orientations were equiva-
lent and were shown to follow from the iron-magnetite
epitaxy and the cubic symmetry of magnetite. From dark
field images it was established that regions containing one
crystallographic orientation of iron could extend for more
than 10 um. Such regions where described as ‘‘porous
single crystals of a-Fe.”

The present work is part of a comprehensive investiga-
tion of stabilized ammonia synthesis catalysts. In order
to study the morphology and microstructure of the cata-
lyst over a broad range of magnifications, optical micros-
copy, transmission electron microscopy, and electron dif-
fraction were used. The primary motivation for this study
is to obtain a better understanding of the reduction process
when promoted magnetite is converted into porous iron.

In this paper we show that the porous single crystals
of a-Fe have a distinct sheet-like pore structure with a
well-defined orientation relative to the original magnetite.
We further confirm the observations of Refs. (3) and (5)
regarding the crystallographic orientations of iron for this
particular structure. Finally, the magnetic properties of
these regions are briefly discussed.

EXPERIMENTAL

The specimens used in the present study were industrial
Norsk Hydro unreduced AS-4 and prereduced AS-4-F
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ammonia synthesis catalysts made from Al-, Ca-, and K-
promoted magnetite particles of size 6-10 mm. In addi-
tion, catalyst particles that had been used in an ammonia
synthesis reactor for 5 years were studied by optical mi-
Croscopy.

Some unreduced catalyst particles were reduced under
laboratory conditions, often only two or three particles
at a time. During these reductions, the temperature was
typically raised from 690 to 800 K (417-527°C) at an aver-
age rate of 1 K/h. The reduction gas was pure hydrogen
at atmospheric pressure. In some cases we intentionally
reduced the catalyst particles to 80% of total possible
weight loss. In these particles, a core of unreduced magne-
tite was left at the center of some former magnetite grains,
in accordance with the “‘crackling core’” model described
in Ref. (6).

During reduction, there is no change in the outer shape
of the catalyst particles, whereas the volume of solid matter
is halved. This means that the reduced magnetite consists
of porous iron with half the apparent volume being pores.

The reduced specimens were stabilized to prevent spon-
taneous combustion in air. Oxygen was slowly added to
the reduction chamber until the oxygen partial pressure
of air was reached. The downstream gas temperature mea-
sured 1 ¢cm after the samples did not exceed 300 K during
this process, which typically lasted for 30 to 60 h. In
stabilized samples the iron surface is covered with 1.5-3
nm of oxide (7), enough to prevent further oxidation in
air at room temperature. The reduced catalyst particles
were moulded in epoxy resin and later ground and pol-
ished according to standard metallographic techniques.

Specimens selected for TEM examination were cut into
slices, ground and polished to about 100 um thickness,
and subsequently etched in a Gatan ion mill model 600.
The ion beam made an angle of 12° relative to the plane
of the specimen. The gun voltage was 4 kV and the gun
current about 1 mA.

The optical microscope used in this study was a
Reichert-Jung MeF 3 metallography microscope
equipped with a complete set of filters for polarization
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microscopy. The images were obtained using crossed po-
larizer and analyzer, and a 273 nm retarder plate that
was traversed twice by the light. The angle between the
transmission axis of the analyzer and the fast axis of the
retarder was 6°.

By suspending the specimens under a glass plate in a
magnetic field, the TEM specimens could be examined
in the optical microscope after ion thinning. This proved
very useful in establishing the connection between obser-
vations in the optical microscope and the small scale de-
tails revealed by TEM. It became routine to photograph
a TEM specimen in the optical microscope before study-
ing it in TEM. The catalyst is known to be very inhomoge-
neous containing reduced and unreduced iron/promoter
oxide phases in addition to reduced wiistite and magnetite.
In order to identify the different phases, we compared
optical micrographs with TEM images and diffraction pat-
terns. In the case of magnetite and wiistite, these phases
can be distinguished by their different morphology; see
micrographs in Ref. (8).

The transmission electron microscope was a JEOL 200
CX operated at 200 kV accelerator voltage.

Some noticeable magnetic properties of the catalyst
were discovered by applying magnetic particles to the
surface of optical microscope specimens. The most con-
vincing results were obtained using a mixture of paramag-
netic and nonmagnetic microspheres in a solution of water
and a surfactant that prevented agglomeration of the
spheres. A few drops of the suspension were applied to
the polished surface using a pipette dropper. Waiting a
couple of minutes allowed the particles to settle down on
the surface. Subsequent washing under running water and
drying in a stream of hot air removed all spheres that
were not firmly attached to the specimen. The sample
was studied in the optical microscope where the 3-um
spheres could easily be resolved. Magnetic and nonmag-
netic spheres appeared in different colors. Very few of
the nonmagnetic spheres adhered to the surface in any of
the experiments, indicating that the paramagnetic spheres
were held in place by magnetic forces.

FIG. 1. Reduced magnetite grain in the ammonia synthesis catalyst. This optical micrograph is made using polarized light and a gypsum filter
in order to create colors that highlight the areas under investigation. The letters x, y, and z show examples of these three kinds of areas. The
colors are not an intrinsic property of the regions. A 90° rotation of the microscope specimen stage makes the yellow regions (x) turn blue and
blue areas (y) turn yellow, making the cracks in y-type regions ciearly visible. Brown regions (z) remain brown.

FIG. 2. The thin edge of a TEM specimen made from an industrially reduced catalyst particle is photographed in the optical microscope (a)
and in the bright field mode in TEM (b). The area in (b) corresponds to the box in (a) and shows that the yellow, brown, and blue colors of the
optical micrograph are associated with regions of sheet-like pore structure with a particular pore orientation.

FIG. 5. Detection of magnetism in the polished surface of an industrially reduced catalyst specimen. Micrograph (a) shows a part of the
catalyst where some of the reduced magnetite grains display yellow and blue colors in certain regions. The same area is shown in (b) after
magnetic microspheres were applied to the surface. The spheres seem to collect on the bright regions of image (a). No spheres adhere to the
smooth, light-brown regions of the type indicated by the tip of the arrow. This is consistent with the assumption of in-plane magnetization within
the iron sheets.
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RESULTS AND DISCUSSION

Figure 1 is an optical micrograph of an industrially re-
duced and stabilized catalyst showing a particularly bright
part of the polished surface. The image was obtained in
the polarization contrast mode. Yellow (x), blue (y), and
brown (z) regions of porous iron are visible inside a re-
duced magnetite grain. The grain has an approximately
square outline. In the yellow regions, several dark and
parallel cracks are seen. A similar set of cracks, normal
to the first, is present in the blue areas but the cracks are
hard to reproduce in this image due to the dark back-
ground. The difference in color between yellow and blue
regions is a result of the use of polarized light. The symme-
try equivalence of regions x and y was apparent after
a 90° rotation of the specimen when their colors were
interchanged and the cracks in y could easily be seen. In
the dark-brown regions at the upper left, no cracks are
observed. This is consistent with the assumption that the
cracks lie along three mutually perpendicular planes, like
the faces of a cube. The cracks in the brown regions are
thus expected to lie parallel to the image plane and do
not intersect it. Sectioning experiments where the surface
was repeatedly polished and observed in the optical mi-
croscope confirmed that the cracks in yellow, blue, and
brown regions are approximately planar and mutually per-
pendicular. Further, from TEM examination of partly re-
duced samples it was found that a spinel phase is present
in the reduced regions and that this phase has the same
crystallographic orientation as the original magnetite in
the interior of the grain. This makes it possible to correlate
the orientation of cracks and pores observed on TEM
samples with the original magnetite cube axes. It was
found that the plane-shaped cracks are normal to the cube
axes of the original magnetite crystal. This is consistent
with the crack directions of Fig. 1. Magnetite prefers to
crystallize as regular octahedra (9), thus displaying the
{111} planes at the outer faces. If a perfect octahedral
magnetite crystal is cut such that the new face has a square
outline, the cut will have been made normal to one of the
cube axes of magnetite, and the other two cube axes will
be along the diagonals of the square (see Fig. 6a which
shows this geometry). Disregarding the broken corner of
the grain in Fig. 1, the cracks are also along the square
diagonals and thus normal to a presumed cube axis.

Figure 2 shows a TEM specimen as viewed in the optical
microscope (Fig. 2a) and in the bright field mode of the
transmission electron microscope (Fig. 2b). There seems
to be a one-to-one correspondence between the pore
structure of the specimen and the colors that appear in
the optical microscope. For instance, in the yellow regions
of Fig. 2a, the pores are predominantly in a direction from
the lower-left to the upper-right corner as is clearly seen
in the bright field image, Fig. 2b. If the specimen is rotated
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by 90° in the optical microscope, the yellow regions turn
blue and vice versa while the brown areas remain brown.
Such color effects are known to occur when the specimen
surface is optically anisotropic, e.g., if the crystal under
study has lower than cubic symmetry or if there is a
distinct surface relief (10). Similar color effects as ob-
served here are visible on anodized aluminum, but in that
case an oxide layer of more than 500 nm must be grown
on the aluminum surface. This is more than a hundred
times thicker than the oxide layers on the catalyst surface.
Further, an oxide layer with lower than cubic crystal
symmetry is required in order to have optical anisotropy.
The cubic oxides of iron will not give this effect and
this is confirmed by observations of unreduced magnetite
grains which appear evenly brownish regardless of orien-
tation. In the case of the reduced catalyst, it thus seems
reasonable to assume that the relief produced by the pores
in the specimen surface is the cause of the optical an-
isotropy.

The sheet-like iron regions were observed in all classes
of reduced samples, although in differing amounts. Differ-
ences between individual particles were much greater
than differences resulting from dissimilar reduction condi-
tions. There are, however, indications from optical mi-
croscopy and TEM that the pore structure of the iron
sheets is most distinct in the laboratory reduced samples,
slightly less distinct in the industrially reduced particles
and more blurred in the samples that had been used in a
synthesis reactor for five years; compare Figs. 2 and 3.
These small differences suggest that the iron sheets are
stable enough to remain largely unchanged for extended
periods under ammonia synthesis conditions.

The pore structure of a laboratory reduced sample is
examined more closely in Fig. 3. The TEM bright field
image in Fig. 3a shows two kinds of regions with a distinct
horizontal and vertical pore orientation. Here, the iron
sheets are viewed ‘‘edge on’’ in both regions, as shown
schematically in the lower part of Fig. 3a where two sets
of square slabs are stacked together to form two adjacent
“‘porous cubes’’ and the slabs are seen edge on. If the
porous cubes were rotated 25° about a horizontal axis,
they would appear as in the drawing in Fig. 3b. The verti-
cal slabs are still seen edge on, whereas the horizontal
slabs overlap. A similar effect was observed when the
TEM specimen was tilted 25°, as determined from diffrac-
tion patterns, and the bright field image is shown in Fig.
3b. The vertical pores are still clearly visible, while the
horizontal pore structure is less distinct. Compare for
instance the region of horizontal pores above the scale
bar in Fig. 3b with the same region in Fig. 3a, and notice
the sharper white openings in Fig. 3a.

The iron sheets are seen to be about 10-20 nm thick
with the pores between them of approximately the same
dimensions. Although the sheet-like regions described
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FIG. 3.

Bright field images from a laboratory reduced sample and drawings showing the geometry of iron sheets in the catalyst. From image

(a) to (b) the specimen was tilted 25°, thus blurring the horizontal pores. The directions indicated by arrows show crystallographic relations
between iron in the sheets and the original magnetite from which the catalyst was made.

here are present in rather small quantities within reduced
magnetite grains, it is interesting to note that a pore struc-
ture with a sheet thickness » = 15 nm would lead to a
specific iron surface area of 2/bp = 17 m*/g. Here p =
7.9 x 10° kg/m? is the mass density of iron. The measured
surface area of the ammonia synthesis catalyst is typically
in the range 10-20 m%/g (2, 11).

Examination of specimens in a scanning electron micro-
scope showed that the catalyst contains parallel cracks
of width ranging from 15 nm to about 2 um. The larger
cracks are also seen in the optical microscope, Figs. 1
and 2a. These cracks are parallel to the iron sheets and
may result from a partial collapse of the pore structure.
Regions with parallel sheets frequently extend for several
tens of micrometers. It seems likely that this open sheet
structure might collapse during reduction, forming large
lens-shaped cracks and a somewhat denser stacking of

the iron sheets on each side, thus reaching a relatively
stable state.

The remaining regions in Figs. 3a and 3b are areas
where the iron sheets are parallel to the image plane and
no particular pore structure is observed.

The coordinate system and arrows in the drawing of
Fig. 3a show the various orientation relations of the iron
sheets. First, the sheets are parallel to {100} planes in
the original magnetite crystal structure. Secondly, the
orientation of the iron unit cell in the single crystal sheets
of iron is such that a {100) direction of iron is normal to
the sheets, suggesting that, on the average, the iron sheets
expose the {100} crystal surface.

Our results are based on the study of several speci-
mens, all showing regions containing the described pore
structure. The orientation relations are deduced from
diffraction and dark field images as shown in Fig. 4.
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The diffraction pattern in Fig. 4a is interpreted as a
compound pattern from three crystallographically equiv-
alent variants of body-centered cubic iron and a {(001)
projection from magnetite. The drawings in Figs. 4b,
4c, and 4d show the orientation of the iron unit cells
and the corresponding diffraction pattern if the incident
electron beam is normal to the paper. By superimposing
the three patterns, the pattern in Fig. 4a is generated.
It is thus established that the illuminated area contains
iron of these three orientations. The dark field images
in Figs. 4b, 4c, and 4d are obtained from the kinds of
reflections indicated by arrows in Fig. 4a and show
where the iron of different orientation is located. These
images are from the same area as Fig. 3, and it is
obvious that parallel sheets contain iron of the same
crystallographic orientation. In Fig. 4d those regions
light up where the sheets are parallel to the image plane.

Four weak inner spots, halfway between the 000- and
020-type reflections in Fig. 4d, were visible on the TEM
negatives. These are the 220-type reflections from magne-
tite or a similar spinel phase enriched in aluminum. As
mentioned above, this phase has been found to have the
same crystallographic orientation as the original magne-
tite. During the reduction to a-Fe, the less reducible alu-
minum ions, originally dissolved in the magnetite, remain
in aluminum-enriched spinel phases (12). The crystallo-
graphic relationship with the original magnetite is con-
served in this process. The situation is further complicated
in the study of stabilized specimens where the un-
covered regions of the iron surfaces have been reoxi-
dized. One would thus expect to have both aluminum-
enriched Fe, Al O, from the reduction and more pure
Fe;0, from the stabilization present in the specimens.
By accurate lattice parameter measurements it should be
possible to distinguish these phases, which would have
rather similar lattice spacings.

Comparing the dark field images and the orientation of
the corresponding unit cells of iron we conclude that the
local pore and crystallographic structure is the same in
each of the three regions; parallel sheets of a-iron, about
15 nm thick and with a (100) axis of iron normal to the
sheets. The iron variants are equivalent and can be viewed
as a result of the cubic symmetry of the original magnetite
as well as the epitaxial lattice matching. The unit cell
dimension of magnetite, a = 0.840 nm, is such that V2a/4
= (.297 nm which deviates from the a-iron cell dimension
0.287 nm by 3.5%. Thus, the magnetite and a-iron struc-
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tures match quite well when the unit cell of iron is rotated
45° about a common cube axis.

A recent scanning tunneling microscopy (STM) study
(13) shows indications of ridges in the catalyst surface
along the {011) direction of iron. Our (100) sheet normal
is perpendicular to the (011) direction. Thus these obser-
vations do not contradict our findings. However, due to
the large number of structures in this catalyst, agreement
between different studies may be accidental.

Detection of surface magnetism is shown in Fig. 5. The
two micrographs in Figs. 5a and 5b are made from exactly
the same area. Figure 5a shows a part of the catalyst with
several grains containing regions of blue and yellow colors
and dark cracks. These are the kind of regions examined
in the present study. The micrograph in Fig. Sb was made
with the polarizing filters 10° out of crossed position in
order to fade the colors and highlight the clusters of
brown-red magnetic microspheres. It is apparent from the
two images that the magnetic spheres stick to regions
which in the polarization contrast mode of Fig. 5a show
up in bright colors. Repeated experiments on this and
other specimens show similar clustering, although not
always as distinct as in Fig. 5.

The grain at the upper right corner in Fig. 5a has a few
featureless brown regions. One of these is at the tip of
the white arrow. Both the color and the grain geometry
indicate that here the iron sheets are parallel to the pol-
ished surface, as in the region marked z in Fig. 1. It
is worth noting that no spheres seem to collect on the
corresponding regions in Fig. 5b.

Both theoretical and experimental work on thin Fe(100)
films indicate that for sheet thicknesses of 10-20 nm, the
magnetic moment will be within the plane of the sheet
(14-16). The simplest model for the magnetization would
be that all magnetic moments were parallel in all sheets
within one porous iron region. In this model, each yellow
and blue region of Fig. Sa would be a ‘“‘porous single
domain.”

Assuming that grinding and polishing the specimen does
not change the magnetic domain structure, the proposed
model should generally result in relatively large leakage
fields out of yellow and blue regions. The magnetic micro-
spheres should adhere to the polished surface in these
regions. They should not collect on areas where the mag-
netization is parallel to the surface, e.g., in the featureless
brown regions mentioned above.

The simple domain structure model suggested here

FIG. 4.

Diffraction and dark field images from the same region as in Fig. 3. The iron diffraction patterns in (a) are made up of three individual

patterns that are drawn separately in (b), (c), and (d). The drawings of iron unit cells show the orientation of iron that gives rise to each pattern.
Arrows indicate the kind of reflections used in the three dark field images. White areas in the dark field micrographs show where iron of the
three crystallographic orientations is located. Note that a {100) axis of iron is normal to all the sheets.
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FIG. 6. Three schematic drawings summarize the structure of the
sheetlike iron regions described in this paper. Hatched areas in (a)
represent the three kinds of regions with sheet-like pore structure seen
within an octahedral magnetite grain. The three regions differ in their
pore orientation relative to the original magnetite. These regions of
irregular shape extend for up to 50 um. Each region consists of sheet-
like iron crystals stacked parallel to each other, (b). The regions show
large-scale ferromagnetic order with in-plane magnetization as indicated
by the arrows. Within parallel sheets, the crystallographic orientation
of iron is the same and a (100} direction is normal to the sheets as shown
in (c).

for the sheet-like iron regions is consistent with the
experiment of Fig. 5. However, a full description of
the magnetic domain structure for the entire volume of
the iron catalyst will surely be much more complex.

In catalyst particles from the 6—10 mm size fraction,
the bright regions associated with the structure described
here are most often observed in the outer 2 mm of the
particle. It is interesting to note that during ammonia
synthesis it is mainly the outer 1-2 mm surface layer
of the catalyst particle that participates in the reaction
(11), a consequence of slow diffusion inside the particle.
Thus, despite their low roral volume fraction, the regions
with sheet-like morphology described here may repre-
sent a relatively large part of the volume where catalysis
takes place. Moreover, it is known from single crystal
experiments (17) that the clean Fe(100) surface is gener-
ally about one-sixth as active as the most active plane,
Fe(111). However, according to Ref. (18), potassium
eliminates the difference between the activity of Fe(100)
and Fe(111) in dissociative nitrogen chemisorption,
which is the rate-limiting step in ammonia synthesis. It
has also been reported that pretreatment with water
vapor or ammonia of clean and promoter-oxide-covered
iron surfaces may increase the catalytic activity of the
Fe(100) face by causing small scale surface restructuring
into facets of the more active Fe(111) plane (13, 19-21).
Thus, both promoter effects and restructuring may con-
tribute to give the (100) iron sheets a higher catalytic
activity. However, other experiments are required in
order to determine the specific catalytic activity of the
sheet-like iron regions.

Studies of a large number of specimens have revealed
that at least three other types of pore structures with
many more iron orientations are present in the catalyst.
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The sheet-like iron regions described here occupy typi-
cally 0-20% of a catalyst particle. The majority of
reduced magnetite grains appear plain or somewhat
mottled as in some regions of Fig. 5a. The large variety
of structures should be taken into account when compar-
ing results from the literature since various investigators
may have examined different structures within similar
catalyst specimens.

In conclusion, examination of the ammonia synthesis
catalyst using different microscopic techniques has
yielded new experimental results that may help elucidate
the transformation from magnetite to porous iron during
reduction. We have in this paper described one of the
structures observed in the catalyst. The results are sum-
marized in Fig. 6 on length scales from tents.s of millime-
ters down to Angstréms.
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