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Active ammonia synthesis catalysts were prepared by in situ activation of amorphous Feg Zry
precursors in a continuous tubular fixed-bed reactor. When exposed to ammonia synthesis
conditions (690 K, stoichiometric feed, 9 bar) the initially almost inactive amorphous Feq Zr, starts
to crystallize and undergoes a sequence of structural and chemical changes which after about 500 hr
on stream lead to a highly active and stable catalyst. This transformation occurs well below the
bulk glass transition temperature of the amorphous precursor. The duration of the in situ activation
can be reduced drastically by exposing the precursor to an oxygen pulse at reaction temperature.
The activity of such catalysts is high compared to the activity of polycrystalline iron. The bulk
structural changes which the precursor undergoes during its activation were investigated using
X-ray diffraction, differential scanning calorimetry, and Mossbauer spectroscopy. The resulting
stable active catalyst consists of iron particles which are stabilized by poorly crystalline
nonstoichiometric ZrO,_,. Two forms of iron can be distinguished: larger particles of well-crystal-
line a-iron, and as a minority phase, small particlcs of disordered iron with a considerably larger
lattice constant. The latter phase is attributed to é-iron. X-ray photoelectron spectroscopy revealed
that the surface iron contains some oxide which may stabilize the active iron particles in a way
similar to the way inclusion of iron aluminium oxide stabilizes the commercial ammonia synthesis

catalyst. © 1987 Academic Press. Inc.

INTRODUCTION

Metallic glasses possess several intrinsic
properties which make them unique materi-
als for catalytic studies. These attractive
properties with respect to their application
in catalysis are, among others, their large
flexibility in the chemical composition as
compared to that of equilibrium alloys,
their high reactivity due to their metastable
state, and their unique structure exhibiting
only short-range ordering of the constit-
uents. The potential of these materials to
model supported metallic systems has been
addressed recently ().

Since their first application in catalysis
(2, 3) reported in 1980, amorphous metals

have gained growing interest as potential
catalyst materials. Various amorphous met-
als have been found to exhibit excellent
activity and/or selectivity in reactions such
as hydrogenation and isomerization of ole-
fins (2, 4, 5). CO hydrogenation (3, 6, 7),
methanation (8), methanol synthesis (9),
oxidation of methanol (/0), and ammonia
synthesis (/7). A survey of these testing
activities has been published very recently
(12). The activation of the amorphous metal
alloy was found to be a crucial step in
virtually all investigations. Several activa-
tion procedures such as pretreatment in
oxidizing or reducing gas atmosphere
(4-7, 10), oxidation with nitric acid (4),
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reduction with zinc (/3), and in situ reac-
tion with the feed gas (3, 8, 9, 11) were
applied to improve the catalytic properties
of the amorphous metals. Comparatively
little effort has been undertaken so far to
characterize the chemical and structural
changes which occur on the surface and in
the bulk of these materials when they are
exposed to pretreatment or reaction condi-
tions.

We have reported recently in a prelimi-
nary communication (/1) that a highly ac-
tive ammonia synthesis catalyst could be
obtained by in situ activation of an
amorphous Feq Zry alloy. The activity of
as-prepared catalysts exceeds the activity
of polycrystalline iron by more than an
order of magnitude. The aim of the present
work is to gain insight into the complex
physical and chemical changes which occur
in the bulk and surface of the amorphous
precursor during its transition to the active
catalyst.

In this paper, we report the changes of
the bulk structure as studied by X-ray dif-
fraction (XRD), differential scanning ca-
lorimetry (DSC), and Mdssbauer spectros-
copy, and the chemical changes of the
surface investigated by photoelectron spec-
troscopy. In part 2 (I4) of this series,
we shall address the micromorphological
changes of the surface during the genesis of
the catalyst, using high-resolution scanning
electron microscopy (SEM) and scanning
tunneling microscopy (STM). Finally, in
part 3 (I5) we shall compare the nitrogen
adsorption behavior and the ammonia syn-
thesis kinetics over this catalyst with the
corresponding behaviors known for more
conventional systems, such as iron single
crystals.

EXPERIMENTAL

Amorphous Fey Zry was prepared as 0.5-
to 1-cm-wide and about 30-um-thick rib-
bons using the conventional melt spinning
technique. Batches of ca. 20 g were ob-
tained from premelted alloys in a high vac-
uum environment. The amorphous alloy
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was used either in the form of clippings
(length 2—5 cm) or as flakes of 0.1-0.5 mm
in size. The flakes were obtained by milling
the ribbons in a centrifugal mill under liquid
nitrogen which prevented both crystal-
lization and oxidation. Both geometric
forms of the alloy exhibited similar bulk
and catalytic properties.

The ammonia synthesis activity tests
were performed in a continuous flow tubu-
lar reactor using a stoichiometric feed of
nitrogen and hydrogen (40 mL (STP)/min)
at a total pressure of 9 bar. Detailed de-
scriptions of the experimental setup and the
feed gas purities have been reported else-
where (15).

The BET surface areas of the precursor
materials and the resulting active catalysts
were determined using krypton adsorption
at 77 K. Typical surface areas of the
amorphous precursor materials were 0.02
m?/g.

DSC experiments were performed on a
Perkin-Elmer DSC 2B instrument in flow-
ing nitrogen atmosphere. Heating rates
were 10 or 20 K/min.

XRD experiments were carried out on a
Siemens D 500 instrument with copper radi-
ation. Flakes were analyzed on a rotating
sample holder in conventional geometry.
To avoid undesired background the ribbons
were measured in transmission geometry.
The in situ experiments were carried out in
a modified Phillips APD 10 diffractometer
system equipped with an Anton Parr hot
stage and manual temperature controller.
The gas flow of 3:1 H, and N; was mixed
from research-grade pure gases and con-
trolled with flow meters. A flux of ca. 40
mL/min through the volume of the camera
of ca. 2 L was maintained. Qualitative
chemical testing showed that ammonia was
produced under experimental conditions.

Mossbauer spectra of ribbons and ground
material were recorded after various cata-
lytic experiments. A conventional trans-
mission geometry with a 30 mCi Fe/Rh
source was used at room temperature. The
samples were loaded and kept under Ar
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gas in a stainless-steel vacuum system
equipped with beryllium windows.

Photoemission experiments were carried
out in a Leybold LHS 10 electron spec-
trometer operating at 107! Torr base pres-
sure. XPS and UPS data could be recorded
from samples under various gaseous envi-
ronments and temperatures between 80 and
900 K. Clean surfaces were obtained by Ar
ion sputtering at 80 K. Ultraviolet photo-
electron spectroscopy (UPS) data are pre-
sented without data treatment; the XPS
results were adequately processed on a DS
5 computer system before presentation.

RESULTS

1. Activity and Bulk Structural Changes
of Amorphous Alloy during
in Situ Activation

Figure 1 shows the bulk structural prop-
erties of the amorphous Feg Zry used in our
study as seen by XRD and DSC. Both the
XRD and the DSC characterizations indi-
cate that the starting material was com-
pletely amorphous. The DSC curve shows
that crystallization of the amorphous alloy
sets in at about 840 K under the conditions
used for the DSC measurement, i.e., under
a nitrogen atmosphere and at a heating
rate of 10 K/min.

Figure 2A depicts the change in ammonia
synthesis activity of the amorphous precur-
sor during in situ activation under ammonia
synthesis conditions at 690 K and 9 bar
total pressure. We note that the amorphous
precursor is virtually inactive at the start of
the in situ activation and that the activity
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Fic. 1. Characterization of bulk structure of
amorphous precursor by DSC and XRD. DSC was
performed under a flowing nitrogen stream.

223

~
=
T
AY

val
T

=3
T

|

690 K
9bar

reaction rate [nmol/s-g)

=1

100 200 300 400
time [h]

Fi1G. 2. (A) Change of activity of the amorphous
alloy as a function of the time on stream during in situ
activation under ammonia synthesis conditions (690
K, stoichiometric feed of 40 mL (STP)/min, 9 bar total
pressure). (B) Crystallization of ribbons of an amor-
phous precursor with time on stream. DSC and XRD
analyses were taken at nine points. The integral
amount of heat evolved in the DSC of the residually
amorphous material is plotted in the upper curve. The
inset defines the ratio between well-crystallized a-iron
and the additional phase which is plotted as dotted
curve (see text).

increases steadily up to about 500 hr on
stream, where the catalyst exhibits a sta-
tionary ammonia synthesis rate of about 20
nmol/g s. The shape of the activity curve
was found to depend significantly on the
amorphicity of the precursor material.
Slight inhomogeneities in the structure of
the amorphous materials resulted in
marked changes in the shape of the activity
curve. However, the general trend, i.e., the
slow increase in the activity within 500 hr
on stream, was observed with all samples
investigated. Krypton adsorption measure-
ments revealed that the BET surface area
of the amorphous starting material (typi-
cally 0.02 m%g) increased significantly dur-
ing the in situ activation. Increases in the
surface area up to an order of magnitude
were observed, depending on the activation
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conditions and the homogeneity of the
starting material.

A drastic reduction in the activation time
down to a few hours was achieved when
oxygen was admitted to the sample at reac-
tion temperature. The oxygen pulse was
obtained by replacing the hydrogen free
reactant feed (nitrogen) by oxygen for 1-2
min. As a consequence of the oxygen pulse
the catalyst bed temperature rose for a few
minutes to ca. 800 K. The final activities of
the fast (with oxygen pulse) and slowly
activated catalyst (Fig. 2A) were similar.
Both activation procedures led to catalysts
with stable activity, as was evidenced by
long-term tests over 2000 hr.

In order to gain further insight into the
bulk structural changes of the precursor
during the in situ activation we have per-
formed a series of activation experiments in
which the activation was stopped after vari-
ous times and the catalyst was subjected to
bulk structural characterization. The bulk
structural changes of the precursor were
investigated using XRD, DSC, and Moss-
bauer spectroscopy. The most obvious so-
lid-state reaction occurring during the in
situ activation was the crystallization of the
amorphous starting material. Figure 2B
shows the progress of crystallization of the
amorphous precursor during the in situ
activation (curve marked DSC). The rela-
tive amount of crystallization energy as
measured by DSC is plotted as a function of
the time on stream of the precursor. The
alloy crystallized in part within the first 100
hr in parallel with the increase in activity.
The second increase in activity between
250 and 380 hr is not reflected by a further
loss of amorphous material. We note that
after 400 hr on stream about 35% of the
bulk catalyst still underwent an irreversible
first-order phase transition. This behavior
is interesting in the light that under inert gas
atmosphere crystallization was observed at
a higher temperature (840 K, DSC curve in
Fig. 1) only. After 2000 hr on stream the
catalysts have lost all their amorphous vol-
ume fraction.
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Further insight into the bulk structural
changes of the precursor occurring during
its activation was gained by in situ high-
temperature powder X-ray diffraction
(XRD). Figure 3 shows wide scans from a
ribbon of amorphous Feq Zry in the high-
temperature XRD. After a few hours at
reaction temperature the broad pattern in
the top trace was superimposed by the
diffraction pattern of crystalline a-iron. The
crystallization was complete after ca. 24 hr.
It occurred only in the presence of hy-
drogen or the ammonia feed gas. Under
vacuum (10~ mbar) or inert gas, the amor-
phous diffraction pattern was preserved for
several days at 700 K.

Closer analysis of the diffraction pattern
of the crystallized sample reveals shoulders
at the lower 26 side of all iron peaks and a
few weak broad reflections (e.g., around 30
and 48° 260) which arise from poorly crys-
tallized zirconium oxide. The shoulders
stay approximately constant in intensity,
whereas the Bragg reflection for a-Fe (110)
increases drastically with time. This appar-
ent gradual reduction in the intensity ratio
of the additional structure on the iron (110)
line is shown in Fig. 2B (dashed curve in
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Fic. 3. In situ XRD of the transformation of the
amorphous precursor (top trace) under flowing hydro-
gen into a three-phase mixture (bottom trace). The
asymmetric footings of the principal a-iron reflections
arise from the disordered iron minority phase.
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the top plot). The inset gives the definition
of the ratio A: B which was used to quan-
tify the changes. The connection between
crystallization and the evolution of the
A : Bratio in XRD is given by the growth of
the main peak for a-iron (increase in the
absolute scattering power) as consequence
of the crystallization.

We point out that this in situ XRD result
is well reflected by the common observa-
tion of the lowering of the A : B ratio in the
interrupted catalysis experiments which we
reported previously.

Catalysts studied after 2000 hr on stream
were completely crystallized as seen by
DSC, but still showed in the XRD an A: B
ratio of ca. 0.05. This, as well as the shape
of the curves for the loss of the amorphous
nature with time, indicates that the process
of crystallization is nonlinear in time and
seems to be kinetically still hindered at 700
K, much in contrast to crystallization ex-
periments carried out at 900 K (16, 17).

Additional information was obtained
from the various interrupted catalysis ex-
periments with subsequent XRD analysis.
Figure 4 summarizes the results for two
analyses from catalysts taken at typical
points in the activation curve (Fig. 2),
namely, in the low activity region (top trace
in Fig. 4) and in the final stage of activation
(bottom trace in Fig. 4). We note the simi-
larity of the general diffraction pattern with
those obtained in the in situ XRD experi-
ments. The patterns are considerably sim-
pler than those obtained from samples crys-
tallized under high vacuum at ca. 900 K. In
these samples well-crystallized a-iron with-
out the additional phase coexists with mi-
nority phases of Fe,Zr and Fe;Zr and well-
crystallized zirconium oxide (beidelite).
This crystallization pattern compares well
with the second phase of crystallization
described by Altounian et al. (I7), except
the formation of zirconia.

Comparison of the two wide scans in Fig.
4 shows the significant increase in scatter-
ing power for the activated sample, the iron
(110) peak is nearly eightfold more intense
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FiG. 4. XRD traces of catalysts derived from milled
amorphous alloy after 20 hr (top) and 450 hr of
activation under 9 bar of a 3:1 mixture of hydrogen
and nitrogen at 700 K. The top inset shows a high-
resolution scan over the Fe (222) reflection which
consists of two doublets arising from the CuKe,/
CuKa, splitting. The central inset refers to the Fe (200)
reflection which is shown after (a) 20 hr of activation
and (b) from a thermally crystallized sample (see text).

than that in the top trace. The zirconium
oxide phase is clearly visible in the bottom
trace; it is however still poorly crystallized.
The top trace demonstrates that the cata-
lyst at this early stage of activation (Fig. 2)
is largely crystallized; some remaining
amorphous material broadens the footings
of the (110) and the (211) peaks. The addi-
tional phase is clearly visible and high-
resolution scans over the (200) and the (222)
reflections demonstrate how the lines
arising from well-crystallized a-iron are su-
perimposed on a much broader reflection
with a larger lattice constant. The inset for
the (200) reflection compares this line (a)
with the solely experimentally broadened
reflection from iron obtained by thermal
crystallization of FeqZrs (b). In the lower
trace the whole set of reflections from zir-
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conium oxide is clearly visible. From the
linewidth of these reflections a mean parti-
cle size of ca. 150 A can be estimated. No
reflections originating from Zr phases can
be identified.

In order to further study the bulk struc-
tural changes associated with the activation
process, we recorded room temperature
Mdéssbauer spectra of several samples
transferred under inert atmosphere from
the microreactor. In Fig. 5 some typical
spectra are displayed. The top spectrum
originated from a fresh foil. It consists of an
asymmetric doublet with a small isomer
shift of —0.06 mm/s which has been inter-
preted as indicating a similar electronic
structure of the alloy relative to pure iron.
The electropositive Zr donates a small frac-
tion of its valence electron density to iron
which results in the negative sign of the
isomer shift. Two individual lines with the
same lineshape and the same width were
fitted in all spectra of the amorphous alloy;
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F1G. 5. Room temperature Mossbauer spectra of (a)
the amorphous precursor, (b) the sample from the in
situ XRD experiment (see Fig. 3), and (c) a milled
activated catalyst. No significant deviations of the iron
six-line pattern from the calibration spectrum of natu-
ral iron foil was found.
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different specimens showed a variable
asymmetry of the two lines.

The central spectrum in Fig. 5 was taken
from the sample used for the in situ XRD
experiment (Fig. 3). Similar spectra were
observed from samples after 60 and 150 hr
of reaction, i.e., from samples in the early
stage of activation (Fig. 2). The total spec-
trum consists of three subspectra which
could be fitted and some minor contribution
of ferric oxides which have not been taken
into account. The most intense branches of
these oxide spectra are visible in the cor-
ners of Fig. 5 central. The main spectra
arise from the partly still amorphous alloy
(central narrow doublet). A broad weak
doublet with an isomer shift of —0.14 mm/s
next to the central feature may arise from a
Zr-rich Fe-Zr alloy. Clearly visible is the
typical six-line pattern of a-iron indicating
with its intensity distribution a random ori-
entation of the iron crystals.

The bottom spectrum in Fig. 5 is typical
for fully activated (480 hr on stream) cata-
lysts. Attempts to fit the spectrum with two
sets of six-line patterns were unsuccessful
and thus no fit is presented in this case. The
predominant six-line pattern arises, how-
ever, from metallic iron. The intensity dis-
tribution is indicative of preferred orienta-
tion of at least part of the iron crystals
relative to the gamma ray beam. Note that
at this stage of a fully activated catalyst no
trace of amorphous alloy is present, not
even in the bulk of the sample.

2. Chemical Structure of Catalyst Surface

The chemical structure of the catalyst
surface was investigated using X-ray photo-
electron spectroscopy (XPS) and ultra-
violet photoelectron spectroscopy. We
present only results from experiments in
which the catalysts have been transferred
from the reactor immediately into the UHV
under strict retention of a protective gas
atmosphere. However, superficial oxida-
tion of reactive iron couid not be excluded
completely.
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First we investigated the valence struc-
ture of the fresh catalyst at 700 K reaction
temperature. Traces 1 and 2 in Fig. 6 repre-
sent the electronic structure of the surface
as seen by the feed gas in the initial moment
of activation. The sample from trace 1 was
thermally crystallized in the UHV and had
lost the metallic character of the top surface
(no Fermi edge detectable). The amorphous
sample (trace 2) shows a residual metallic
character from the peak containing the
Fermi edge. It arises most likely from iron
3d states. The intense structures beyond 35
eV are due to oxides being the most abun-
dant surface species in both samples.

An amorphous precursor transferred
after 1000 hr on stream (700 K, 9 bar,
various N>-to-H; ratios) gave the top spec-
trum in Fig. 6. There is no indication of a
metallic character at all; the sample is com-
pletely covered with an insulating oxide
film. This film is, however, still thin enough
to prevent charging of the sample. Note
that this result does not indicate that the
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Fic. 6. Helium (I) UPS spectra of various alloy
surfaces at 700 K in UHV. The Fermi level is cali-
brated against a Pd foil. The crystalline sample was
obtained from the amorphous one by in situ heating to
900 K for 4 hr.
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Fi6. 7. XPS core level spectra of fully activated
ribbons. Times in minutes refer to Ar sputtering
(scanning ion source at 5 kV with 10 mA emission at 2
X 107¢ Torr). The dotted lines denote centroid posi-
tions of elemental Fe (2p-3/2) and Zr (3d-5/2).

working catalyst surface is of an oxidic
nature. The thin oxide layer points to a high
sensitivity of the active catalyst against
traces of oxygen which cannot be avoided
during the transfer.

Another task of the XPS investigation
was the evaluation of the elemental compo-
sition of the chemical structure of the acti-
vated catalyst surface. In order to explore
the artificial oxidation we used gentle argon
ion etching to examine the surface near the
original catalyst surface and by more se-
vere etching information related more
closely to the bulk of the catalyst could be
obtained. In Figs. 7 and 8 we present typi-
cal results from a catalyst which had been
used for 360 hr at 720 K and 9 bar of
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Fi1G. 8. XPS core level spectra of major impurities in
the surface of fully activated ribbons. Times in mi-
nutes refer to the sputter cleaning (see Fig. 7 and text).
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stoichiometric feed. The ion dose quoted in
the figures yielded an equivalent sputtering
of ca. 20 A for 2 min and 300 A for 15 min
with a smooth gold film.

Figure 7 presents the core level spectra
of the nominal constituents of the catalyst.
The outer surface is covered with iron
oxide (in hematite-like forms) and zirco-
nium oxide (nonstoichiometric ZrO,_,). In
the iron 2p spectrum a contribution of me-
tallic iron is visible indicating that the sur-
face oxide film is thin within the informa-
tion depth of XPS (ca. 25 A), but
homogeneous as follows from the absence
of a Fermi edge in the more surface-
sensitive UPS (Fig. 6, trace 3). Gentle
sputtering removed most of this film and
left some ferrous oxide besides the predom-
inant metallic iron. Significantly, there is
little change in the zirconium spectrum and
even after prolonged sputtering there is no
metallic zirconium to be detected (for posi-
tions of the main elemental peaks see dot-
ted reference lines in Fig. 7).

Even after sputtering for 2 hr the iron
could not be obtained in pure metallic form.
Some intensity persisted around 710 eV
which cannot be attributed to the many-
body satellite spectrum of the metal. It is
indicative of ferrous oxide. This observa-
tion is in line with the traces of oxide found
in the Mossbauer spectra.

In Fig. 8 spectra from the main impurity
elements carbon and oxygen are displayed.
We conclude from comparison with spectra
of the unused catalyst that the carbon con-
tent of the used catalyst originated from
impurities of the feed gas. The precursor
material only contained the usual surface
carbon species which was completely re-
moved after 2 min sputtering. The main
contribution to the intensity in the C 1s
spectra arises from a carbonaceous deposit
probably formed by coking of hydrocar-
bons synthesized from the feed impurity.
The dotted line gives the centroid position
of the C 1s emission of bulk carbon black.
The structure at 289 eV in the top surface
spectrum points to the presence of carbonyl
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groups at the surface of the deposit. The
shoulder at the low binding energy side of
the 15-min sputtered sample indicated the
presence of a carbide form in the subsur-
face region of the catalyst. We found that
the carbon could not be removed com-
pletely by sputtering for 2 hr.

The oxygen 1s signal from the top surface
is clearly split into two components. At 531
eV, we observe oxygen from oxides of
zirconium and iron. The peak at 532 eV
arises from chemisorbed water and hy-
droxyl groups present on the metal oxides.
Sputtering reduces the intensity of the oxy-
gen spectrum significantly, but oxides as
well as hydroxyls remain on the predom-
inantly metallic surface. This implies a mi-
crostructure in which bulk oxide particles
coexist with largely metallic areas.

Table 1 lists some typical chemical com-
positions of the surface region of the pre-
cursor and of the active catalyst. A compar-
ison of the chemical compositions of the
amorphous precursor and the active cata-
lyst indicates that as a result of the in situ
activation both the oxygen and the carbon
contents of the sample increased markedly.
The sputtering experiments indicate that
both increases originate mainly from feed
gas impurities (O,, CO). We note that be-
sides the main components (iron, zirco-
nium, oxygen, and carbon) minor impuri-
ties of silicon, copper, and nitrogen were
detected. Copper was incorporated into the
alloy during the rapid solidification process
on the copper wheel. It is only present in
the contact surface of the ribbons; the free
surface is free of copper. Silicon was incor-
porated into the top surface of the catalyst
in the reactor bed which contained quartz
sand and a quartz fritt. Both contaminants
were completely removed after 15 min
sputtering. Persistent however was the ni-
trogen impurity which resulted in a small
but discernible peak at 397 eV. This is
ascribed to the presence of a small amount
(between 1 and § at.%) of zirconium nitride
at the surface and in the subsurface region
of the catalyst.
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TABLE 1

Elemental Composition of Surface Region of Catalyst Obtained from Amorphous FegZry
Precursor as Determined by XPS*

Sample Concentrations®
% Fe DZr %0 %C Others
(A) Fresh precursor Top surface 14.1 29 634 19.2 traces Cu, N
before use Ar sputtering
S min 77.7 8.6 10.5 3.1
(B) After 210 hr on 48.9 148 234 128
stream, transferred in
argon
(C) After 500 hr on Top surface 20.5 42 543 180 2% Si,08% N, S
stream, transferred in Ar sputtering
air 2 min 44.7 3.7 372 145
15 min 54.2 34 323 113
(D) Precursor crystallized 11.0 393 372 124

¢ Sputtering conditions: 2 X 107® Torr, 10 mA emission, 5.0 kV with 25 mm distance source to

sample.

b Integrals calculated using Scofield cross sections of Fe 2p, Zr 3d, O 1s, C 1s, N 1s, and

Si 2p.

DISCUSSION

1. Activity and Bulk Structural Changes
of Amorphous Alloy during
in Situ Activation

The inactivity of the amorphous Feg Zrg
precursor at the beginning of the in situ
activation (Fig. 2A) is attributed to the thin
oxide layer covering its surface. After re-
duction of this superficial oxide layer the
activity starts to develop but still remains
relatively low. An in situ activation of
about 500 hr is necessary to reach station-
ary activity. This maximum activity has
been shown to exceed the activity of simi-
larly pretreated polycrystalline iron by
more than an order of magnitude (/7).

The most obvious changes in the bulk
structure of the amorphous precursor dur-
ing activation are the crystallization and the
transformation of zirconium to zirconium
oxide. The importance of the zirconia for-
mation, i.e., of the role of oxygen, is sup-
ported by the fact that the activation time
could be reduced drastically if the precur-
sor was subjected to an oxygen pulse dur-

ing the in situ activation. The crystalli-
zation has been shown to be closely related
to the activation of the catalyst (Fig. 2B). It
is of paramount importance in the under-
standing of the catalytic activity of the
amorphous alloy which is in its as-cast state
almost inactive. The access to a metastable
form of iron in the surface near regions may
well be the structural answer to the ques-
tion of the active principle in these materi-
als. According to our observations and to
literature studies (/6, 17), crystallization of
an iron-zirconium alloy is not a simple
process involving a single first-order phase
transition; rather, it comprises a sequence
of events, the order and duration of which
depend crucially on the experimental con-
ditions. The whole process is not isotropic
but may occur at the surface or certain
other activated sites first and later in the
bulk. This view is further supported by
the micromorphological observations de-
scribed in part 2 (/4).

Our XRD investigations show that crys-
tallization of the amorphous precursor un-
der ammonia synthesis conditions leads
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predominantly to well-crystallized a-iron
with the usual lattice constant of 2.86 A,
and a small fraction of a minority phase
with a considerably larger lattice constant
and with much less crystalline perfection.
The zirconium part is transformed in poorly
crystallized zirconia. The minority phase
may be ascribed to §-iron. Its lattice con-
stant of 2.905 A (16) agrees well with our
observations.

The crystallization of the amorphous pre-
cursor occurring during in situ activation
under ammonia synthesis conditions was
found to be completely different from ther-
mally induced structural relaxation. Our
comparative crystallization studies by
means of XRD indicate that the crystalli-
zation temperature is reduced drastically
under ammonia synthesis conditions or un-
der a hydrogen atmosphere. Furthermore,
the crystallizations led to different bulk
structures of the crystalline materials, de-
pending on the ambient gas phase. Under
inert gas atmosphere or under vacuum our
results agree with the bulk observations
described by Altounian et al. (17). Finally,
we should emphasize that all our bulk
structural investigations indicate that there
is no alloy present in the activated catalyst.

2. Chemical Structure of Catalyst Surface

The concentrations of the nominal con-
stituents (Table 1) are discussed by the
Fe-to-Zr ratio rather than by their absolute
values due to the high level of ‘‘impurities’’
in the samples. The nominal ratio for the
precursor alloy is 10.11. All top surfaces
are strongly enriched in Zr and O which is
attributed to chemically induced segrega-
tion by formation of zirconia. Conse-
quently, Zr is depleted in the inner regions
of the material as seen with the fully acti-
vated catalyst. Extensive sputtering of the
unused catalyst (precursor) resulted in the
expected ratio of 10.1. Thus the observed
deviations are due to chemically induced
segregation and oxidation and are not typi-
cal for the bulk of the catalyst material.
This is illustrated by the extensive Zr segre-
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gation upon thermal crystallization in a
UHYV environment (Table 1). The enrich-
ment of Zr exceeds the segregation in the
amorphous precursor and in the catalysts
during all stages of activation by far and
thus indicates for the surface that thermal
crystallization is a different phenomenon
from the crystallization associated with ac-
tivation of the catalyst.

In general we note the high concentration
of carbon in all catalysts. Most of the
carbon exists in the form of a carbonaceous
deposit which was probably formed by
coking of hydrocarbons synthesized from
impurities of CO contained in the feed.

Regarding the absolute surface concen-
tration of iron we find the intermediately
activated and immediately transferred cata-
lyst to contain ca. 50% iron. A similar
content is found for the shortly sputter-
cleaned fully activated sample. Note that
this is a considerably higher concentration
than the one usually found for multiply
promoted industrial catalysts which was
quoted to be less than 10% (18). However,
this value may critically depend on the
reduction conditions applied.

The surface iron seems to contain some
oxide which may stabilize the catalyst in a
way similar to the way inclusion of iron
aluminium oxide stabilizes the commercial
ammonia synthesis catalyst. In the present
case the iron oxide or iron zirconium oxide
may act as a structural promoter by forming
a mixed oxide-metal surface. This interpre-
tation of the XPS sputtering results is in line
with the observation of the disordered iron
species in the XRD experiments.

Finally we note that the catalysts used
showed very little nitridation of their sur-
faces. This is ascribed to the low conver-
sion maintained in the test runs which kept
the hydrogen partial pressure high with
respect to the ammonia partial pressure.

CONCLUSIONS
Amorphous Fey Zry was found to be an
excellent precursor for the preparation of
ammonia synthesis catalysts. When ex-
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posed to ammonia synthesis conditions the
amorphous alloy crystallizes slowly and
concomitantly structural and chemical
changes in the bulk and at the surface occur
which finally lead to a highly active cata-
lyst. The observation that the activity in-
creases upon crystallization, i.e., with
growing iron particle size, is fully in line
with the structure sensitivity found for am-
monia synthesis over supported iron (/9).
The slow activation can be accelerated
drastically by exposing the precursor to a
short pulse of oxygen during the in situ
activation. The active catalyst consists of
iron particles which are stabilized by poorly
crystallized zirconia. The catalytically ac-
tive species is iron, which exists in two
predominant forms: well-crystallized a-iron
with the usual lattice constant, and a small
fraction of iron with a considerably larger
lattice constant and much less crystalline
perfection. The minority phase has a lattice
constant which agrees well with the one
reported in the literature for &-iron. The
content of iron on the surface of the active
catalyst was found to be about 50%.
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