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The turnover number for ammonia synthesis was found to be smaller on very small iron
particles than on larger ones, but it could be enhanced by a pretreatment which seemed to
bring about a surface reconstruction induced by nitrogen. The same pretreatment decreases
the uptake of carbon monoxide by the catalyst and also the anisotropy energy barrier for
relaxation of the metallic iron magnetization, as determined by Mossbauer spectroscopy.
These new resuits can be explained by the creation upon pretreatment of the catalyst, of C,
surface atoms on the small particles, where a C; atom is one with i nearest neighbors. As the
concentration of C,; atoms is expected to be smaller on very small iron particles than on
larger ones, but is enhanced by nitrogen induced surface reconstruction, it is concluded that
C; iron atoms are more active than others in ammonia synthesis.

INTRODUCTION

Our results (/), indicate that the cata-
lytic synthesis of ammonia over iron sup-
ported on magnesium oxide is a structure
sensitive reaction, i.e., the turnover
number depends on particle size. For the
small iron particles (ca. 1.5 nm), it was
concluded that certain surface sites with a
high associated turnover number are
created upon reduction of the catalyst, not
by pure hydrogen, but by a stoichiometric
H,: N, mixture. In addition, the hydrogen
reduced surface of larger iron particles
(>10 nm) was reconstructed by synthesis
gas to a far greater extent than that of very
small particles.

Since the structure of the iron surface
seemed to depend on the nitrogen pressure
over that surface, the catalyst was then

! To whom queries should be addressed.

treated with ammonia to provide a high
virtual pressure of nitrogen, and the nitride
formed by this treatment was subsequently
decomposed in a stoichiometric H,:N,
mixture. This “ammonia treatment” signif-
icantly increased the ammonia synthesis
turnover number on the smaller particles,
but had no effect on the catalytic activity
of the larger particles. In addition, the ef-
fect of the ammonia treatment on the smalil
particles could be completely erased by
prolonged (ca. 24 hr) reduction of the cata-
lyst at 673 K in pure hydrogen. These
results alone, however, do not provide in-
formation on the different surface struc-
tures. The purpose of the present study,
therefore, is to investigate the structure of
the iron surface, and its reconstruction by
nitrogen, with use of Mossbauer spectros-
copy and chemisorption of carbon mon-
oxide.
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EXPERIMENTAL METHODS

Apparatus

Mossbauer spectra were taken with the
spectrometer described elsewhere (2). The
Maossbauer cell, connecting multipurpose
gas handling vacuum system, gases, gas
purification, and the apparatus for carbon
monoxide chemisorption were the same as
those used in part I of this series (3).

Catalysts

The samples of iron supported on mag-
nesium oxide used in this study were pre-
pared as already described (3). Specifi-
cally, 1, 3, 5, and 8% Fe/MgO samples
were used, the fraction of the iron as %Fe
being 0.26, 0.32, 0.022, and 0.022, respec-
tively. The dispersion, D, of the metal in
the reduced 1, 5, and 8% Fe/MgO samples
is approximately 0.5, 0.2, and 0.1, respec-
tively (3).

The 3% Fe/MgO reduced sample was
characterized by magnetic susceptibility
and X-ray line-broadening as described
elsewhere (3). At temperatures greater
than 298 K, the data of magnetization, M,
versus the field divided by the tempera-
ture, H/T, curves could be superimposed
on a single curve. This indicates super-
paramagnetic behavior, and from the low
field slope of the curve an average particle
size of 5 nm was calculated. The X-ray
line-broadening gave an average particle
size of 6 nm. Thus, the value of D for the
3% Fe/MgO sample is about 0.2.

RESULTS

Mé&ssbauer Spectroscopy

Velocity Modes

In the previous study (3) of the Fe/MgO
system, Mdssbauer spectra were obtained
by scanning the velocity range of =9 mm
s~1, thereby allocating about 20 channels
to each metallic iron peak out of the 440
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FiG. 1. Mossbauer spectrum (298 K in H, ) of 1%
Fe/MgO sample reduced in H,; constant acceleration
mode.

channels used to store y-ray data. A typi-
cal spectrum is shown in Fig. 1, along with
the corresponding Doppler velocity mode
used to collect the data. Although this
spectrum is valuable for simultaneously
obtaining information about all the chemi-
cal states of iron present in the sample, it
is not suited for measuring small changes
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F16. 2. Mossbauer spectrum (298 K in H,: N,) of
3% Fe[/MgO sample reduced in H,; velocity offset
mode.
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(ca. 10%) in the spectral parameters of the
metallic iron phase alone. For this reason,
the constant acceleration velocity mode
was replaced in the present study by the
velocity offset mode.

A spectrum is shown in Fig. 2 along
with the corresponding velocity offset
mode used to collect the data. In this
mode, the two outer most metallic iron
peaks (see Fig. 1) have been simulta-
neously scanned, with the allocation of
about 150 channels to each peak. The un-
certainty in the measurement of peak
width at half height is about 3%, and the
relative uncertainty in the peak area is
approximately 5%, thereby making pos-
sible a careful study of the effect of various
gaseous treatments.

Collection of Data

The 3% Fe/MgO sample was reduced in
flowing Pd-diffused H, according to the
reduction time schedule outlined else-
where (3). A stoichiometric H,:N, mix-
ture was then passed over the sample at
682 K for 24 hr, after which velocity offset
spectra were taken at 682, 569, 484, 390,
and 298 K in the flowing gas mixture. Fol-
lowing the collection of these spectra, the
sample was treated with flowing ammonia
at 682 K for 1 hr, and the nitride was
decomposed at 682 K in the H,:N, mix-
ture for 24 hr. Mossbauer spectra were
again collected at the above set of temper-
atures in the flowing gas mixture. A 24 hr
treatment of the sample in flowing Pd-dif-
fused H, at 682 K was then performed,
followed by the switching from hydrogen
to a stoichiometric H,: N, mixture as the
gas flowing over the sample. Mossbauer
spectra were recorded at 682, 570, 484,
and 390 K after 24 hr exposure of the
sample to the H,:N,. The data collection
cycle was completed by treating the
sample with ammonia at 682 K for 1 hr,
flowing the H,:N, mixture over the cata-
lyst at 682 K for 24 hr, and taking velocity
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TABLE 1
MOsSBAUER SPECTRAL PARAMETERS FOR METALLIC
IroN ON 3% Fe/MgO AFTER DIFFERENT
PRETREATMENTS

T (K) Width (mm s™1) Area(mms™')

After Pd-diffused H, reduction; spectrum in H, : N,

682 0.40 0.140
569 0.36 0.154
484 0.35 0.170
390 0.37 0.180
298 0.33 0.199

After ammonia treatment; spectrum in Hy: N,

682 0.38 0.135
570 0.34 0.150
484 0.31 0.158
390 0.32 0.171
298 0.31 0.189

After Pd-diffused H, treatment; spectrum in Hy : N,

682 0.42 0.145
570 0.35 0.152
484 0.35 0.166
390 0.36 0.179

After ammonia treatment; spectrum in Hy : N,

0.158
0.168

484
390

0.31
0.30

offset MOssbauer spectra in the flowing gas
mixture at temperatures of 484 and 390 K.

The data are collected in Table 1 and
Figs. 3 and 4, the metallic iron peak width
having been corrected for “‘thickness line
broadening” (4). In the absolute area cal-
culations, corrections for the nonresonant
background count rate were made ac-
cording to the procedure described by
Housley et al. (5), the variations in these
corrections not exceeding 1% from spec-
trum to spectrum.

From Fig. 3, it is apparent that the peak
width is quite sensitive to the various gas-
eous treatments of the sample. Thus, it
was also measured in the same way for 1
and 8% Fe/MgO, which were reduced in
flowing Pd-diffused H, according to the
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Fi1G. 3. Metallic iron spectral width in Hy: N,: (@)
1% Fe/MgO after reduction; ((0) 3% Fe/MgO after
reduction; (O) 3% Fe/MgQ after ammonia treatment;
(A) 3% Fe/MgO after hydrogen treatment; (C) 3%
Fe/MgO after second ammonia treatment; (©) 8%
Fe/MgO after reduction.

prescribed reduction schedule, followed by
the exposure to a stoichiometric H;: N,
mixture for 24 hr at 682 K. The widths so
measured, corrected for thickness broad-
ening, are presented in Fig. 3.

Carbon Monoxide Chemisorption

In Fig. 5 are shown the carbon mon-
oxide isotherms at 193 K on 1.0036 g of
the dry, reduced 5% Fe/MgO sample. The
sample was first reduced in flowing Pd-dif-
fused H, according to the prescribed re-
duction schedule. After evacuation to 10~
Pa for 3 hr at 688 K, the sample was
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Fic. 4. Metallic iron spectral area in H,:N,: ()
3% Fe/MgO after reduction; (O) 3% Fe/MgO after
ammonia treatment; (A) 3% Fe/MgO after hydrogen
treatment; (O) 3% Fe/MgO after second ammonia
treatment.
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Fi1G. 5. Carbon monoxide isotherms at 193 K on
5% Fe/MgO sample: (@) before ammonia treatment;
(O) after ammonia treatment; (A, A’) first isotherms;
(B,B’) second isotherms.

cooled to 193 K, and isotherm A taken.
Evacuation to 1072 Pa for 0.5 hr at 193 K
followed isotherm A, and then isotherm B
was taken. The difference between the two
isotherms represents the amount of CO
chemisorbed on the metallic iron: 43 + 1
jmol.

The sample was then heated to 688 K in
flowing hydrogen, and pure ammonia was
flowed over the sample for 1 hr at 688 K.
Following this treatment, the sample was
kept in flowing hydrogen for 1 hr at 688 K,
and then evacuated to 10~* Pa for 3 hr at
688 K. Two CO isotherms were then
taken at 193 K following the above proce-
dure, and these isotherms are also shown
in Fig. 5. The difference between the two
isotherms shows that 39 =1 umol of CO
was chemisorbed on the metallic iron. If,
on the other hand, the first set of isotherms
is not followed by an ammonia treatment
but by a 12 hr, 688 K hydrogen treatment,
no change in the amount of CO chemi-
sorbed on the metallic iron is observed.

DISCUSSION

Mossbauer Spectroscopy

Qualitative Features

For the various gaseous treatments, ac-
companying changes in the metallic iron
Mbossbauer spectrum (Fig. 3 and 4) and in
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the catalytic activity (see Introduction)
seem to be related. The ammonia treat-
ment, which increases the turnover
number, also decreases the width and area
of the metallic iron peak below those val-
ues observed after hydrogen reduction.
Prolonged hydrogen treatment of the
ammonia treated catalyst completely
restores the original turnover number as
well as the width and area of the metallic
iron spectral peak. These effects are totally
reversible, as shown by the subsequent
ammonia treatment. The interpretation of
the changes in the Mdssbauer spectra ac-
companying the various treatments, there-
fore, may lead to an understanding of the
corresponding changes in the surface
structure of the iron catalyst.

In another study (/), it was shown that
the ammonia treatment increases only
slightly the total amount of metallic iron
present in the 1 and 5% Fe/MgO cata-
lysts, and that this increase is not modified
by subsequent hydrogen treatments. Thus,
in the present study, the total reversibility
in the response of the metallic iron spectral
area after cycling the various treatments
eliminates changes in the amount of me-
tallic iron as responsible for the reversible
changes in spectral area. Instead, changes
in this spectral area must reflect changes in
the superparamagnetic properties of the
metallic iron particles, since all spectra
were taken under identical conditions, i.e.,
a flowing H,: N, mixture at a standard set
of temperatures. Thus, the changes in the
metallic iron peak must be attributed to
changes in particle size, size distribution
and/or anisotropy energy constant. Again,
the reversibility of the changes seems to
rule out the alternatives, leaving the ani-
sotropy energy constant as the param-
eter sensitive to gaseous treatments.

Indeed, in the next paper of this series
(6) it will be shown that the superparamag-
netic properties of the 1 and 3% Fe/MgO
samples are dominated by surface effects,
i.e., the largest magnetic energy anisotropy
is created by the surface. Thus, the dif-
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ferent gaseous treatments which change
the iron surface structure are expected to
change the superparamagnetic properties
of the metallic iron spectral component, as
experimentally observed. As the anisot-
ropy energy constant, and thus also the
relaxation time, is decreased, the magnet-
ically split spectral area must also de-
crease at a given temperature, since only
those iron atoms with a long enough relax-
ation time will appear magnetically split in
the Mossbauer spectrum. The decrease in
the metallic iron spectral area upon ammo-
nia treating must, therefore, reflect a de-
crease in the magnetic anisotropy created
by the ammonia reconstructed surface.
This explanation, based on the qualitative
changes in the Mdssbauer spectra, will
now be examined in the light of the quanti-
tative spectral changes.

Quantative Features

As a result of the ammonia treatment
there is a decrease in the metallic iron
spectral area at all of the studied tempera-
tures, but the magnitude of this change
decreases as the temperature is increased
to 569 or 682 K. As the temperature is
increased, the magnetically split metallic
iron spectrum becomes more greatly domi-
nated by the larger iron particles of the
particle size distribution since the smaller
particles have become superparamagnetic.
For these larger particles, the smaller sur-
face to volume ratio attenuates the effect
of surface anisotropy on the super-
paramagnetic properties of the particle
magnetization, and the effect of surface
changes on the Mossbauer spectrum be-
comes less pronounced. The decrease in
the spectral width accompanying the
ammonia treatment is also reasonable. The
ammonia treatment decreases the surface
anisotropy energy barrier, which has the
effect of removing the group of small iron
particles, N(r.) dr. from the magnetically
split spectral peak (7), leaving the larger
iron particles contributing to the spectral
area, where N(r) is the particle size dis-
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tribution and r, is the particle size at which
the magnetic relaxation frequency is equal
to the nuclear Larmor precession
frequency. 8r, is a particle size interval
bounded at the small size end by r,, within
which the decrease in the anisotropy en-
ergy barrier causes a transition from fer-
romagnetism to superparamagnetism (for
the time scale of Mossbauer spectros-
copy). Experimentally, in fact, the spectral
width decreases as particle size increases
(Fig. 3).

Qualitatively, the increase in the me-
tallic iron spectral width at a given temper-
ature accompanying the decrease in the
particle size is expected due to the in-
creased contribution of the surface atoms
to the spectral peak. A smaller particle will
have a shorter relaxation time than a larger
particle, and a surface atom may have a
smaller magnetic field than a bulk atom.
Both of these effects will tend to asym-
metrically broaden the metallic iron peaks
toward the center of the spectrum as the
particle size is decreased. Indeed, there is
a significant increase in the peak asym-
metry, I',-T'; (Fig. 2), as the particle size is
decreased from 6 nm (T',-I';=0.00 at
298 K) to 1.5 nm (I';-I', = 0.05 mm s~! at
298 K). In addition, however, a decrease
in the particle size is accompanied by a
substantial symmetric broadening of the
metallic iron Mdssbauer peaks. This
broadening can be explained by the quad-
rupole interaction as follows.

Since the electric potential at the surface
is less symmetric than in the bulk, the
quadrupole interaction is greater for sur-
face atoms than for a bulk atom, as evi-
denced by Mossbauer spectra in the ab-
sence of magnetic interactions (8,9). How-
ever, in the presence of a strong magnetic
interaction the quadrupole interaction
depends on the angle between the par-
ticle magnetization and the principle com-
ponent of the electric field gradient tensor
(10). The electric field gradient at a surface
atom is determined by the orientation of
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that surface. On a single iron particle there
are many different surface orientations
(with respect to a single coordinate sys-
tem), but there is only one particle mag-
netization vector (at a given time). Thus,
the quadrupole interaction does not give
rise to a well-defined “‘surface peak,” but
instead to a rather symmetric broadening
of the spectral peak. For spherical and
hemispherical particles, this quadrupole
broadening will be completely symmetric,
and as the particle geometry deviates from
this symmetry, the quadrupole broadening
will become more asymmetric. In another
study (/) it was shown that the shape of
the iron particles supported on magnesium
oxide is not very anisotropic, a result
which makes the large, symmetric, spectral
width of this study for the small iron par-
ticles quite reasonable.

The above discussion dealt with the par-
ticle size dependence of the spectral width
at a given temperature. As the temperature
is increased, the peaks will broaden be-
cause of superparamagnetic relaxation
(I1). In competition with this process,
however, the line width may become more
narrow because the width is more greatly
dominated by the larger particles as the
temperature is increased. This second
process will become more important as the
particle size is decreased, since the particle
size dependence of the width becomes
greater as the particle size is decreased. In
addition, as the temperature increases and
the relaxation time decreases, the quadru-
pole-magnetic interaction will tend to be
averaged to zero on each surface atom.
Since this interaction is weaker than the
magnetic interaction alone, the former will
begin to average to zero before the latter
as the temperature is increased. This pro-
vides another process for peak narrowing
with increasing temperature, this process
again becoming more important as the par-
ticle size is decreased. Thus, for the 1%
Fe/MgO sample, the broadening and nar-
rowing mechanisms appear to cancel
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giving a spectral width that is fairly insen-
sitive to temperature, while for the 3 and
8% Fe/MgO samples, the broadening
process dominates.

It is now clear that the Mossbauer spec-
trum reflects changes in both the metallic
iron particle size and in the surface struc-
ture of these particles. Of importance in
subsequent discussions is the fact that the
ammonia treatment reconstructs the sur-
face to one which provides a smaller sur-
face anisotropy than the original surface.

Chemisorption of
Carbon Monoxide

There is a 10% decrease in CO uptake
after the ammonia treatment, but no
change after a long hydrogen treatment.
Since the hydrogen treatment has no effect
on the uptake, the small iron particles are
stable for long periods of time at 688 K in
hydrogen. Similarly, the Mossbauer
spectra indicate that sintering of the iron
particles does not accompany the ammonia
treatment. Thus, the 10% decrease in CO
uptake following the ammonia treatment
cannot be explained by sintering. Nor can
it be explained by a decrease in the frac-
tion of metallic iron since Mdossbauer
spectra indicate that the ammonia treat-
ment slightly increases the amount of me-
tallic iron present in the sample. The
ammonia treatment, therefore, appears to
change the structure of the surface such
that the reconstructed surface chemisorbs
less carbon monoxide.

The strong bond between carbon mon-
oxide and metallic iron suggests that the
chemisorption at low temperatures pro-
ceeds to full monolayer coverage, and
arguments based on steric considerations
in a monolayer have been invoked to ac-
count for differences in the carbon mon-
oxide uptake on different crystallographic
planes (12,13). As a working hypothesis,
Brunauer and Emmett (/2) have assumed
that one CO molecule chemisorbs on each
surface atom, and that atoms with in-
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complete coordination but below the sur-
face will not chemisorb a CO molecule. In
addition, the most closely packed plane,
the (110) plane, was assumed to chemisorb
one CO molecule for every two surface
atoms due to steric effects. This model for
CO chemisorption corresponds to the
chemisorption of one CO molecule for
every two surface exposed atoms, and this
was the assumption made in the de-
termination of the metallic iron particle
size from chemisorption measurements (3).
Westrik and Zwietering (/3), on the other
hand, postulated that one CO molecule
would chemisorb on two surface atoms for
the (100) plane and three surface atoms for
the (110) plane. Due to the lack of agree-
ment between the above two models, the
nature of the CO stoichiometry on dif-
ferent crystallographic planes must be dis-
cussed further.

It seems reasonable to treat a CO mole-
cule as a cylindrically (or dumbell) shaped
molecule, and using this shape the diame-
ter of the cylinder is equal to 0.35 nm (/4).
In order for the model of Brunauer and
Emmett to be correct, the size of the CO
molecule should lie in the interval from
0.25 to 0.29 nm (the lattice parameter of
bee iron). Clearly, however, such steric
arguments cannot be made so rigid, and if
a 4% overlap between neighboring CO
molecules is allowed, then the 0.35 nm
molecular size is compatible with the
model of Brunauer and Emmett. The
model of Brunauer and Emmett is also in
accord with some recent experimental
studies of CO chemisorption on single
crystal transition metal surfaces. The re-
sults of Park and Farnsworth (/3),
although tentative, indicated CO:metal
stoichiometries of 1:1 and 1:2 on the
nickel (110) and (100) planes, respectively
(fcc with gy = 0.352 nm). The nickel atom
densities on the (110) and (100) planes are
1.1 X 10" and 1.6 X 10> cm™2, respec-
tively, making these planes analogous to
the iron (100) and (110) planes with iron
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densities of 1.2 X 10! and 1.7 X 10> cm™2,
respectively. Thus, the assignment of
CO: metal stoichiometries of 1:1 and 1:2
on the (100) and (110) planes of iron ac-
cording to the Brunauer and Emmett
model is in agreement with the CO chem-
isorption results on nickel. In addition, a
statement that can be made with some
confidence is that CO adsorption cover-
ages of 1.1 X 10" cm™2 on nickel surfaces
are quite reasonable (/6), favoring the
model of Brunauer and Emmett over that
of Westrik and Zwietering.

The test of the Brunauer and Emmett
model is even more direct in the case of
CO chemisorption on chromium (bcc with
a, = 0.288 nm). Hague and Farnsworth
(I17) observed a 1:1 CO:metal stoichiom-
etry on the (100) plane of chromium, and
in view of the similarity in the chromium
and iron structures and lattice parameters,
this result is in nice agreement with the
prediction of the Brunauer and Emmett
model. By no means is it suggested that
the details of the chemisorbed state are the
same for CO chemisorption on iron, nickel
and chromium. However, arguments based
on steric considerations will be similar in
all three cases, thereby allowing the valid-
ity of the Brunauer and Emmett model to
be tested.

A thorough discussion of steric consid-
erations in CO chemisorption on metals
has been given by Brennan and Hayes
(I18), thereby providing additional support
to the Brunauer and Emmett model. The
potential energy of interaction between a
pair of neighboring adsorbed CO mole-
cules on a surface was chosen following
the work of Mason and Rice (/9), and was
used to calculate the CO interaction en-
ergies for various CO:metal surface stoi-
chiometries. Indeed, a CO:metal = 1:2
surface stoichiometry for the (110) plane
of iron was shown to be quite reasonable,
although a 1:1 stoichiometry on the (100)
plane involved an interaction energy per
adsorbed CO molecule that is approxi-
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mately equal to the heat of CO adsorption
on iron at zero coverage (ca. 160 kJ
mol™). Thus, while the CO:metal surface
stoichiometry on the (100) plane of iron
may not be strictly 1:1, an average stoi-
chiometry which approaches this value is
expected. Brennan and Hayes also con-
sidered the (211) plane of iron, and the
surface stoichiometry thereby predicted is
in complete agreement with the model of
Brunauer and Emmett.

The Brunauer and Emmett model as
stated above applies to the (100), (111),
(110), and (211) planes. For the small iron
particles used in this study, however,
many high index planes are undoubtedly
exposed at the surface. Indeed, character-
ization of the surface by specifying the
many planes present seems to be quite
awkward for these small particles. It
seems to be much more natural to speak of
the concentration of various surface sites
when characterizing the catalytic surface,
and this is the approach to be used in
subsequent discussions. The model of
Brunauer and Emmett must now be recast
in terms of surface sites rather than sur-
face planes.

Because the size of a CO molecule is
larger than that of an iron atom, if a CO
molecule chemisorbs on a surface atom
with nearest neighbors in the surface, then
these nearest neighbors will be sterically
blocked from chemisorbing any other CO
molecules. The steric blocking of surface
atoms that are not nearest neighbors to the
chemisorbed surface atom is ruled out by
the Brunauer and Emmett model. Also, it
is to be remembered that sites below the
surface cannot chemisorb CO molecules.
These general statements will now be ap-
plied to the C,, C;, Cq, and C; sites (C;
represents a surface atom with i nearest
neighbor iron atoms). For convenience,
these sites are sketched in Fig. 6.

The C, site has no nearest neighbors in
the su:iace. Thus, if a CO molecule chem-
isorbs on a C, site, it blocks that particu-
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F1G. 6. Surface atoms on bee structures.

lar site, and four other sites that are not in
the surface. However, these four sites can
never chemisorb CO molecules; therefore,
the blocking of these sites does not impair
the ability of the surface to chemisorb CO.
The C; and C; sites have two and four
nearest neighbors in the surface, and the
steric blocking of these potential CO
chemisorbers does indeed decrease the
amount of CO uptake for these sites com-
pared to the C, site. The geometry of the
C, site is such that it cannot chemisorb a
CO molecule, and hence it has the poorest
CO chemisorption ability of any of the
other sites.

It can now be said that the following
sites are arranged, from left to right, in the
order of decreasing CO uptake potential:

C4v C.S’ Cﬁv C7-

It should be noted that the major assump-
tion that has been made in arriving at this
sequence of sites is that a CO molecule
does not sterically block surface atoms
that are not nearest neighbors of the chem-
isorbed site. This is essentially the Brun-
auer and Emmett model, which has been
shown to be quite reasonable. Since the
ammonia treatment decreases the CO
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chemisorption uptake, it can now be said
to reconstruct the surface in such a way
that new sites are formed in the follow-
ing direction:

G, G, G, &

ammonia treatment

CONCLUSION

In the discussion of the Mossbauer
spectra, it was shown that the ammonia
treatment reconstructs the iron surface in
such a manner as to decrease the surface
anisotropy. The latter is associated with
surface structure as expressed by the na-
ture of atoms denoted by their coordina-
tion number. Néel’'s phenomenological
theory of surface anisotropy (20) can be
used to show (6) that the following sites
are arranged from left to right in the order
of decreasing surface anisotropy:

Cq, Cy0or C,, C,.

The effect of the ammonia treatment,
therefore, must be a net conversion of sur-
face sites from those on the left to those
further toward the right. That is, the effect
of the ammonia treatment is to move from
left to right on the below sequence of sites:

Cs, G or G, C,

ammonia treatment

This result, combined with the sequence of
sites deduced from carbon monoxide chem-
isorption, leads to the conclusion that C,
sites are created by the ammonia treat-
ment. This conclusion is supported by re-
sults of other studies.

Brill et al. (21) found that the (111)
plane of iron is preferentially formed upon
exposure of the (110) and (100) planes of
iron to nitrogen at 673 K. Since the (111)
plane of a bcc metal, such as iron, has a
high concentration of C; atoms (Fig. 7),
the present results agree with those of Brill
et al. Besides, the conclusion that C,
atoms on iron are particularly active in
ammonia synthesis agrees with the find-
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ings of Brill and Kurzidim (22) concerning
an increase in the rate of ammonia synthe-
sis when an iron surface was pretreated in
such a way as to favor the formation of C,
sites. Finally, McAllister and Hansen (23)
have reported a rate of ammonia decom-
position more than 10 times higher on the
(111) than on the (100) and (110) faces of
single crystals of tungsten, another bcc
metal.

What remains to be done is to explain
why C; sites are more active in ammonia
synthesis or decomposition than other
sites on bce metals. For this, further work
is required, with a detailed knowledge of
the mechanism of ammonia synthesis at
the molecular level.
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