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New adsorption results have been obtained for the Na/Fe(111)
system using partial and total pressures from 10~ to 500 Torr and
temperatures in the range 393-578 K. They show that the initial,
dissociative chemisorption probability is, within the accuracy of the
measurements, independent of the gas temperature in contrast to
molecular beam results corresponding to much higher gas molecule
energies. This result suggests that the dissociative chemisorption of
N proceeds at thermal energies via a precursor-mediated process
rather than a direct, activated process. It also confirms the valid-
ity of the adsorption results of F. Bozso, G. Ertl, M. Grunze, and
M. Weiss (J. Catal. 49, 18, 1977) obtained using low-pressure expo-
sures. However, the appearances of a5 x 5 LEED pattern and TPD
spectra with two peaks, a sharp one and a broader one, show that
a new chemisorption state is created during exposures at nitrogen
pressures >50 Torr and temperatures above 570 K. The stability of
the new state increases strongly with the concentration of surface
nitrogen and disappears rapidly when the concentration decreases
below a critical value. It is then transformed into the well-known
(3+/3 x 3+/3)R30° surface structure, which also disappears rapidly
below a lower critical surface concentration. After adsorption sa-
turation at ~0.85 monolayer (ML) the coverage can be increased
to ~1.1 ML by segregation. Bulk thermodynamic estimates indi-
cate that the 5 x 5 surface state can be formed under industrial
ammonia synthesis conditions. However, the presence of strongly
bound hydrogen containing surface species may prevent its forma-
tion.  © 1997 Academic Press

1. INTRODUCTION

The ammoniasynthesis reaction oniron catalystsisindus-
trially one of the most important catalytic processes and sci-
entifically one of the most thoroughly investigated catalytic
reactions. The pioneering, extensive and systematic surface
science studies by Ertl and co-workers of the interactions
of reactants and products with iron single-crystal surfaces
and of the influence of the important promoter, potassium,
have been and continue to be an important model for other
surface science studies of catalytic reactions. These studies,
which have been discussed in a number of reviews (1-6),
inspired and formed the experimental basis for attempts
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by Stoltze and Ngrskov (7, 8) and by Bowker et al. (9) to
establish a detailed description of the process in terms of mi-
crokinetic models with the parameters determined on the
basis of the surface science results. The reasonable agree-
ment between the conversions measured under industrial
conditions and those calculated by means of the microki-
netic models indicated that despite the fact that the surface
science studies were made on single crystals at pressures
not exceeding 4 x 10~ Torr (1 Torr = 133 Pa), they may be
used to obtain an understanding of the industrial process
taking place on the catalyst surface at pressures of 100 bar
or more.

The initial sticking probability of nitrogen is observed to
be about 20 times higher on Fe(111) (10) than on Fe(100)
(10) and about 60 times higher than on Fe(110) (11), and
from investigations of the activation of singly and dou-
bly promoted iron catalysts it is concluded that the active
catalyst surface consists predominantly of Fe(111) planes
(12, 13). This means that nitrogen chemisorption results ob-
tained for catalysts should be qualitatively similar to those
obtained for the Fe(111) surface. The results of Ertl and
co-workers showed that the activation energy of the dis-
sociative chemisorption of N, on the clean Fe(111) sur-
face is close to zero (10). The results obtained by Emmett
and Brunauer (14) and by Scholten et al. (15) showed, on
the other hand, that N, chemisorption on iron catalysts is
an activated process. In the latter work an activation en-
ergy of 96 kJ/mol was obtained at surface coverages in the
range 0.25-0.70 of a monolayer. Molecular beam studies
by Rettner and Stein (16) revealed that the initial stick-
ing probability of N, chemisorption of Fe(111) depends
strongly on the energy of the impinging nitrogen molecules.
In a recent temperature-programmed adsorption and des-
orption study of nitrogen on iron catalysts (17) it was con-
cluded that the adsorption rate on the singly promoted
catalyst was orders of magnitude lower than can be extrap-
olated from the single-crystal results of Ertl and co-workers
(10). These catalyst results and single-crystal beam studies
have called into question the applicability of the adsorp-
tion results of Ertl and co-workers (10) to the modeling of
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the kinetics of the ammonia synthesis reaction (18, 19). It
is common practice when studying adsorption or reaction
in ultrahigh vacuum (UHV) systems to limit the pressure
during exposures of the sample to the milli-Torr region or
lower in order to avoid jeopardizing the UHV conditions of
the system. In the adsorption experiments of Ertl and col-
leagues (10) the N, pressure never exceeded 4 x 10~ Torr.
This means, however, that a possible gas temperature de-
pendence of the chemisorption probability may not be cor-
rectly reflected in the results. At low pressures, where the
mean free path of the gas molecules is not small compared
to the distance between the sample and the chamber walls,
which are kept at room temperature, the gas molecules hit-
ting the sample will not be in thermal equilibrium with the
sample at elevated temperatures. Studies of the activated
chemisorption of CH, on nickel surfaces may be mentioned
as a striking example where erroneous results were ob-
tained because of the use of low pressures during exposures
(20-23). In this case itwas clearly demonstrated that the dis-
sociative chemisorption of CHy4 proceeds via a direct pro-
cess on Ni(111) (24) and Ni(100) (25). In the present work
we have investigated the effect of using elevated pressures
during N exposures of a Fe(111) surface in the temper-
ature range 393-809 K on the adsorption and segregation
curves and on temperature-programmed desorption (TPD)
spectra. The total pressure and the nitrogen partial pressure
have been varied in the range 0.0001-500 Torr. The nitrogen
experiments have been supplemented by potassium and
hydrogen sulfide adsorption experiments with the purpose
of establishing reliable translations of X-ray photoelectron
spectroscopy (XPS) areas into coverages. We have in addi-
tion performed a temperature-programmed adsorption ex-
periment to throw more light on the very low dissociative
nitrogen sticking probability obtained for asingly promoted
iron catalyst in the above-mentioned catalyst experi-
ment (17).

2. EXPERIMENTAL

The experiments were carried out in an UHV system
with two UHV chambers. One chamber is equipped with
facilities for XPS and TPD and the second with an ion
sputter gun, low-energy electron diffraction (LEED) and
connection to a gas inlet system. The XPS facility is es-
sentially identical to the standard VG ESCA 3 spectrome-
ter. A Balzers quadrupole mass spectrometer, Type QMG
420 C, with a differentially pumped gold-plated shroud
around the ionizer, was used for the TPD experiments with
the sample surface facing the entrance aperture (2 mm
diameter) of the shroud at a distance of ~1 mm. LEED
patterns were recorded by means of reverse view LEED
optics, Model RVL 6-120, from Princeton Research Instru-
ments Inc. Very pure gases, nitrogen and argon (Alphagaz,
>99.9999%), were used. The gases were further purified
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by passage through an activated nickel catalyst. The nitro-
gen exposures were made by rapidly backfilling the second
chamber to the desired pressure, which was measured with
a capacitance pressure gauge (MKS baratron). Most of the
exposures were made with pure nitrogen but some were
made with a mixture of nitrogen and argon to obtain a low
nitrogen partial pressure and a high total pressure.

2.1. Cleaning of the Crystal

The iron crystal slab (diameter, 6 mm; thickness, 1 mm)
with (111) surface orientation (+0.5°) was, before introduc-
tion into the UHV system, exposed to a flow of pure hydro-
genat 1 bar and 1116 K for almost 1100 h. The temperature
of the crystal was measured with a chromel/alumel ther-
mocouple spotwelded to the backside of the crystal. After
very many cycles of argon ion sputtering at ~1000 and at
500 K and subsequent brief annealing at 650 K the cover-
age of impurities was finally below the limit of detectability
(~0.01 monolayer (ML)) (1 ML =7.05 x 10'®atoms m~2for
Fe(111)). To minimize contamination from dissociation of
background CO the crystal was always kept at temperatures
above or equal to 440 K, except in cases where experiments
were carried out at lower temperatures.

2.2. Estimation of Coverages

The amount of nitrogen left on the Fe(111) surface af-
ter evacuation subsequent to adsorption, segregation, or
TPD experiments was monitored by means of XPS using
AlKq radiation from a dual anode. The pass energy of the
analyzer was 100 eV in all recordings. The XPS peak in-
tensity ratio of the N 1s to the Fe 3p peak, Ry re, Was used
as a measure of the nitrogen surface concentration. The
areas of the XPS peaks were determined after subtraction
of a nonlinear background using the algorithm suggested
by Shirley (26). Although this method is based on a model
which has been shown not to be physically correct (27) it
gives satisfactory results when used for a limited energy re-
gion covering one peak (28). By consistently using the same
region in all the area determinations for the same peak the
ratio Ry re gives a reasonably accurate, relative measure of
the nitrogen coverage. However, a reliable translation of
the ratio R re into a nitrogen surface coverage is not easily
obtained. The nitrogen adsorption structures on Fe(111)
have not been solved. In our preliminary report of some
of the present adsorption results (29) the surface nitro-
gen concentration was estimated from the Rypre ratio by
using the previously determined relation between carbon
coverage on the Ni(100) surface and the XPS peak inten-
sity ratio, Rc, nij, of the C 1s to the Ni 3p peak. For our
apparatus and configuration it was found that 6c/Rc, nj is
equal to ca. 12.7 ML (30) based on the fact that the C sat-
uration coverage is known to be 0.5 ML for Ni(100) (23).
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A value for On/Rn re Was then obtained by scaling 6c¢/Rc i
using photoionization cross sections calculated by Scofield
(31), corrected for slightly different asymmetry parame-
ters (Reilman et al. (32)), the atom density ratio of iron
to nickel (0.927), and the monolayer atom ratio of Fe(111)
to Ni(100) (7.05/16.1). We take advantage of the observa-
tion of Castle and West (33) that the energy dependence
of the transmission function of our VG ESCA 3 energy
analyzer is to a good approximation equal to the recipro-
cal of the energy dependence of the effective attenuation
length of the photoelectrons, so they cancel out. The re-
sult of this estimate was 6n/Rn e~ 10.8 ML. The fact that
the coverages obtained using this estimate are significantly
higher than those reported by Ertl and co-workers (10) and
that the highest coverage calculated was surprisingly high,
ca. 1.4 ML (obtained after long time exposure to 50 Torr
N, at 800 K), makes it highly desirable to obtain a more di-
rect calibration of the XPS ratio. We have therefore looked
for other Fe(111) adsorption systems for which informa-
tion about coverages is available. Only for potassium and
sulfur on Fe(111) have we found determinations of cover-
ages reported. Lee et al. (34) studied adsorption of K on the
(110), (100), and (111) surfaces of iron by means of LEED,
Auger electron spectroscopy (AES), TPD, and work func-
tion measurements. In the case of Fe(111) a 3 x 3 struc-
ture was seen by LEED at fairly low coverages. It was sug-
gested that this structure corresponds to a K coverage of 1/9
ML. The saturation coverages were then found to be 5.8 x
10 K atoms/cm?, almost the same as found for the other
surfaces by other methods. Muller et al. (35) determined
sulfur coverages on Fe(111) by means of quantitative AES
and also by calibrating the AES measurements by using
the fact that a coverage of 0.5 ML is well established for the
¢(2 x 2)S structure on Fe(100) (36) and obtained the same
result by both methods. The result obtained corresponds to
about 1 ML sulfur at saturation. We have established a new
calibration of our XPS measurements by performing K and
S adsorption experiments, as described below, and utilizing
the above-mentioned coverage estimates (34, 35).

2.3. Adsorption of K and S

K was evaporated onto the clean Fe(111) surface at 288 K
from a well-outgassed SAES getter source at a distance of
25 mm from the surface. Various K coverages were obtained
by annealing the crystal at different temperatures and times
after K deposition. A range of S coverages was obtained
by exposing the clean Fe(111) surface at 450 K to H,S for
various lengths of time from a doser consisting of a plate
with a 2-um aperture and a tube with an inner diameter of
3.5 mm and a length of 100 mm. The H,S pressure behind
the aperture was 5 Torr. For both adsorbates the formation
of adsorption-induced surface structures were looked for
by means of LEED.
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2.4. Near Surface Nitrogen Saturation of Crystal

Ertl and colleagues (10) observed that nitrogen can mi-
grate from the surface into the bulk at temperatures above
about 500 K. To derive correct sticking probabilities from
surface coverage measurements at higher temperaturesitis
necessary to minimize this migration. Ertl and co-workers
(10) attempted a near surface saturation by exposing the
crystal to 4 x 10~* Torr N, at 600 K for a long time be-
fore cleaning the surface by argon ion sputtering. Also in
the present work a presaturation procedure was used, but
much higher N, pressures were used and in most cases also
much higher temperatures.

In most of the chemisorption or segregation experiments
reported below the crystal was exposed to nitrogen at 50 or
500 Torr for 30 or 60 min at 809 K. The high-temperature
exposures were always terminated by rapidly cooling the
crystal down to 440 K while maintaining the nitrogen pres-
sure. However, it turned out, as demonstrated below, that
for very long adsorption exposures at higher temperatures
a significant contribution to the coverage may come from
segregation. In such cases less severe saturation conditions
have been used; i.e., some long adsorption exposures have
been made after nitrogen saturation exposure at 50 Torr,
578 K for 60 min. Also TPD spectra are strongly influenced
by the severity of the presaturation procedure and indeed
by the entire prehistory of the sample if bulk nitrogen is left
from previous experiments. To obtain well-defined TPD re-
sults two series of TPD experiments were performed based
on nitrogen exposures of 50 and 500 Torr, respectively, at
different temperatures in the range 485-809 K with the
crystal being emptied of bulk nitrogen between the exper-
iments. The crystal was heated linearly from 440 to 948 K
at a rate of 2 K/s after which desorption was continued at
constant temperature, 948 K, until the desorption rate was
negligible.

2.5. Nitrogen Adsorption Procedure

Before each series of adsorption experiments the near
surface region of the crystal was partly saturated by expos-
ing the crystal at high temperature to 50 or 500 Torr nitrogen
and cooling down in nitrogen as described above. The sur-
face was subsequently cleaned by argon ion bombardment
at 440 K in about 10 min followed by a brief annealing at
624 K. Usually no impurities could be detected after this
procedure. However, sometimes it was necessary to repeat
the cleaning procedure to obtain an oxygen-free surface.
Between the experiments the crystal was always kept at
440 K in order to minimize the accumulation of oxygen
on the surface due to dissociation of CO from the very
low background (<5 x 10~* Torr). The exposures were
made by heating the crystal to the desired temperature and
rapidly backfilling the chamber to the selected exposure
pressure. This procedure could be completed in about 10 s.
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The exposure times used were larger than or equal to 2 min
in order to keep the exposure uncertainty reasonably low.

3. RESULTS

3.1. Kand S Adsorption

In agreement with Ref. (37) sharp third-order spots were
obtained after 1 min K deposition followed by annealing
at about 700 K for ca. 2 min. However, the determina-
tion of the area of the K2p XPS peak is rather uncertain
partly because of the weak signal due to the low coverage
(1/9 ML) and partly because the spectrum is contaminated
by a “ghost” peak due to a Fe 3p peak generated by the
unwanted, weak MgKe radiation from the dual anode. The
area of the K 2p peak was determined after subtracting
the spectrum of the clean Fe(111) surface. An example of
a K 2p spectrum with the clean Fe(111) surface spectrum
superimposed is shown in Fig. 1. The mean value of five de-
terminations of the ratio, Rk re, Of the areas of the K 2p and
the Fe 3p peak for slightly different annealing conditions,
but corresponding to equally sharp 3 x 3 LEED patterns,
gives On/Rnge ~ 7.6. However, the spread in the values of
the ratio is approximately +30%b.

The sulfur chemisorption results are shown in Fig. 2. The
rate of chemisorption is seen to be approximately constant
up to a fairly high coverage (~0.75 ML), indicating a pre-
cursor mechanism. The mean value of the area ratio, Rs e,
of the S 2p and the Fe 3p peaks obtained in the satura-
tion range of exposures corresponds to On/Rn e~ 7.3. The
largest deviation is about 8% and only 4 of 19 determina-
tions deviate more than 4%. Thus the ratio corresponding
to sulfur saturation is determined fairly accurately and is
used in the following for the translation of XPS peak area
ratios into coverages assuming that sulfur saturation corres-
ponds to 1 ML coverage. This is consistent with the fact that
asharp 1 x 1 LEED pattern is seen after sulfur saturation.

108000 — : - ; ;
107000 A

106000

ALSTRUP, CHORKENDORFF, AND ULLMANN

1.1
1.0
0.9

0.8 |
0.7
0.6 |
0.5
0.4 |
0.3
0.2}
0.1
0.0 ‘ ‘ k
0 10 20 30 40 50
Exposure time (min)

S/Fe XPS ratio/0.116

FIG. 2. Scoverage as a function of H,S exposure time at 450 K.

It is seen that the sulfur calibration is consistent with the
K chemisorption results but gives coverages significantly
lower than that used in our preliminary report (29).

3.2. Nitrogen Adsorption

The nitrogen adsorption results obtained at 485 K for a
variety of partial and total pressures in the range 0.001-
500 Torr are plotted in Fig. 3 versus the nitrogen exposure
in ML units, i.e., twice the number of N, molecules hit-
ting the surface during exposure divided by the number of
surface iron atoms (7.05 x 10'® m~2). Because of the large
range of exposures covered a logarithmic (base 10) expo-
sure scale is used. It is seen that the coverages measured
at exposures below ~108 ML are independent of the total
gas pressure: results obtained using gas mixtures of nitro-
gen and argon with total pressures of 1 and 10 Torr are not
significantly different from results obtained with pure nitro-
gen at pressures of 0.001 and 0.1 Torr. It may be concluded
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FIG. 1. Superposition of XPS spectra of the K 2p region for Fe(111)
with (@) and without (- - -) K. The peak at 287 eV is a Fe 3p peak generated
by unwanted MgKe radiation.
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FIG. 3. Dissociative chemisorption of N, on Fe(111) at 485 K after

saturation and cleaning of the surface. Results obtained with different
total pressures during exposure in the range 10~3-500 Torr are shown with
different symbols. Curves represent Langmurian model calculations of
adsorption plus segregation.
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that at a surface temperature of 485 K and an effective
gas temperature <485 K the dissociative sticking probabil-
ity of nitrogen is independent of the gas temperature. It is
seen in Fig. 3 that the coverage does not increase in the
exposure range 10'-10® ML but increases again at higher
exposures, and that the adsorption curve depends strongly
on the pressure in this high-exposure range. This behavior
is obviously caused by segregation. Increasing the pressure
seems to displace the upbending of the adsorption curve
toward higher exposures, suggesting that the decisive pa-
rameter is the exposure time, i.e., that segregation of bulk
nitrogen contributes to the measured coverage at long ex-
posure times. Separate segregation experiments, reported
below, confirm that the apparent increase of the sticking
probability in the high-exposure range takes place at expo-
sure times for which significant segregation is observed on
the clean surface in vacuum after the same saturation pro-
cedure. Thus by including segregation this effect can easily
be modeled as shown by the solid lines in Fig. 3. Similar ob-
servations of the influence of segregation were made also
by adsorption experiments at higher surface temperatures.
Adsorption results obtained at the temperatures 393, 439,
485, 531, and 578 K are plottet in Fig. 4. Results influenced
by segregation are not included. To make it possible to dis-
tinguish results at different temperatures those obtained at
393 and 439 K are displaced down 0.2 and 0.1 ML, respec-
tively and those obtained at 531 and 578 K are displaced up
0.1 and 0.2 ML, respectively; i.e., the scale of the vertical
axis corresponds to the results obtained at 478 K. At the
lower surface temperatures (393-440 K) a final coverage
of ~0.75 ML is obtained at the highest exposures, while a
somewhat higher final coverage (~0.85 ML) is obtained at
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FIG. 4. Dissociative chemisorption of N, on Fe(111) after saturation
and cleaning of the surface. Results obtained with different total pres-
sures during exposure in the range 10~*-50 Torr are shown with different
symbols. Adsorption temperatures: 393, 439, 485, 531, and 578 K. Curves
represent model calculations with third (- - -)- and fourth (—)-order de-
pendence on concentration of free sites. Results for one temperature are
offset vertically by 0.1 ML from the results of the next lower temperature.
The coverage scale corresponds to the 485 K results. The model parameters
are shown in Table 1.
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TABLE 1

Parameters of Langmuir-Type Adsorption Model with Third-
and Fourth-Order Dependence on Free Sites Concentration

Saturation coverage Initial sticking

T (K) (ML) coefficient
393 0.72-0.75 8.3-10.0 x 10~°
439 0.75-0.79 6.4-8.6 x 107°
485 0.82-0.83 8.3-12.8 x 107°
531 0.82-0.88 5.6-7.0 x 107¢
578 0.85-0.86 7.2-12.5x107°

surface temperatures in the range 485-625 K. In Fig. 4, at
each of the temperatures the adsorption results are com-
pared with a simple Langmuir type adsorption model, i.e.,

don R
R_S}(l —)» [1]

ON.s

where 6y is the N coverage, X is the exposure, s is the initial
dissociative sticking probability, 6y is the saturation cover-
age, and the exponent n can be interpreted as the number of
free sites in an ensemble of minimum size which can dissoci-
ate N, on Fe(111). Various values of n have been tested. The
values used for the curves in Fig. 4 are 3 (broken lines) and 4
(solid lines), which give better overall agreement than other
integer values. The corresponding results obtained for the
sticking probability and 65 at the various temperatures are
shown in Table 1. It is seen that the models give reasonable
descriptions of the results obtained above 440 K, while at
393 and 439 K large, nonrandom deviations from the model
curves are seen after short exposures at higher pressures.
These deviations are believed to be due to an insufficient
annealing after sputter cleaning. Due to the high pressure
used during the presaturation procedure it was necessary
to keep the annealing time short to avoid segregation. The
adsorption results obtained just after sputtering and anneal-
ing deviates most from the curve while subsequent results
obtained without intermediate sputter cleaning are closer
to the curve.

3.3. Nitrogen Segregation

The segregation results obtained at 508, 531, 554, 578,
601, 624, and 647 K by monitoring the nitrogen coverage
by XPS after exposing the crystal at 809 K to 50 Torr ni-
trogen for 30 min, cooling down in nitrogen, and cleaning
the surface by argon ion sputtering are shown in Fig. 5.
Similar results were obtained at 485, 531, 578, and 670 K
after exposing the crystal at 809 K to 500 Torr nitrogen for
60 min, cooling down in nitrogen, and cleaning the surface
by argon sputtering. The following simple segregation rate
expression based on a first-order dependence on free sites
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FIG.5. Nitrogen segregation on Fe(111) after 50 Torr, 30 min satu- FIG. 6. Arrheniusplotofinitial segregation rates after 50 Torr, 30 min

ration at 809 K, cooling in N, and cleaning of the surface. Segregation
temperatures: 508, 531, 554, 578, 601, 624, and 647 K. Curves represent
model calculations. The model parameters are shown in Table 2.

was fitted to the results,

ON

9N,seg>’

where 6nseg is the segregation—saturation coverage and Ks
the initial segregation rate. The parameters, Onseq and ks,
of the curves plotted in Fig. 5 are shown in Table 2. An
Arrhenius plot of the initial rate, kg, is shown in Fig. 6.
The slope of the regression line corresponds to an activa-
tion energy of 108 +£5 kJ mol~2. Initial segregation rates
obtained after the 809 K, 500 Torr, 60 min nitrogen expo-
sure are also shown in Fig. 6. In this case the saturation
coverage increased to 1.05 ML and the slope of the regres-
sion line in Fig. 7 corresponds to an activation energy of
101 +5kJ mol~%.

The effect of different saturation procedures is shown in
Fig. 7, where 578 K segregation results were obtained af-
ter three different 60 min exposures: (a) 809 K, 500 Torr;
(b) 809 K, 50 Torr; (¢) 578 K, 50 Torr with subsequent cool-
ing down in nitrogen and sputter cleaning of the surface.
Also segregation curves based on expression [2] are shown.

rseg = ks (1 - [2]

TABLE 2

Initial Segregation Rate and Saturation Coverage
after 30 min 50 Torr N, Exposure at 809 K

and 500 Torr, 60 min saturation at 809 K, cooling in N, and cleaning of
the surface.

The parameters of the three segregation curves are shown
in Table 3. It is seen that the initial segregation rate is in-
creased by a factor of 3 when the pressure during exposure
is increased by a factor of 10 and by a factor of about 16
when the exposure temperature is increased from 578 to
809 K.

In separate experiments it was demonstrated directly that
it is possible to increase the coverage substantially by sub-
sequent segregation after adsorption saturation has been
reached. The results of such an experiment are also shown
in Fig. 7. The crystal was first exposed at 809 K to 500 Torr
nitrogen for 60 min and after sputter cleaning adsorption
saturation, 0.85 ML, was reached by exposing the clean sur-
face at 485 K to 50 Torr nitrogen for 4 min, i.e., an exposure
corresponding to ca. 1 x 10'° ML. The nitrogen was then
pumped out and the temperature was raised to 578 K. It
is seen that segregation increased the coverage by ca 25%
and that most of the increase took place in the first 7 min.

Saturation coverage Initial rate
T (K) (ML) (MLs™)

508 0.87 2.6 x 1075
531 0.87 9.4x 1075
554 0.89 23x107*
578 0.77 8.4x107*
601 0.88 2.2x1078
624 0.83 33x1078
647 0.87 5.6 x 1072
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FIG. 7. Nitrogen segregation at 578 K after three different 60 min

saturation exposures, 500 Torr, 809 K (A), 50 Torr, 809 K (O), and 50 Torr,
578 K (M), and after saturation adsorption at 485 K (@).
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TABLE 3

Initial Segregation Rate and Saturation Coverage at 578 K after 60
min 500 or 50 Torr N, Exposure at 578 or 809 K

Exposure
N, pressure Saturation coverage Initial rate
(Torr) T (K) (ML) (MLs™)
500 809 1.0 2.2x1078
50 809 0.81 7.4x107*
50 578 0.47 4.7 %1075

3.4. Simulation of a Catalyst Adsorption Experiment

Recently it was shown (17) that when a singly promoted
iron catalyst is heated at a rate of 5 K/min from about 140
to about 350 K in a stream of nitrogen at a partial pressure
of ca. 3 Torr the dissociative sticking probability calculated
from the nitrogen partial pressure change is exceedingly
small. This seems to indicate a strong difference between a
Fe(111) single-crystal surface and the catalyst iron surface
with respect to nitrogen adsorption. We have simulated the
catalyst experiment by exposing the clean Fe(111) surface
to a nitrogen pressure of 3 Torr while heating the crys-
tal from 140 to 350 K. At the latter temperature the gas
was pumped out and the crystal cooled down. The nitro-
gen coverage was determined by XPS to be about 0.65 ML.
The sticking probability was subsequently determined by
exposing the crystal to 5 Torr of nitrogen at 350 K. The
exposure was interrupted after 10, 24, 44, and 74 min and
the nitrogen coverage was determined by XPS. The max-
imum change in coverage was 0.085 ML obtained for an
exposure of 7.2 x 10° ML, i.e., corresponding to a sticking
probability of ~1.2 x 1071, This is an upper limit because
further exposures gave slightly lower coverages. This stick-
ing probability is of the same order of magnitude as can be
calculated from the nitrogen pressure change in the catalyst
experiment. The experiment shows that a significant part of
the nitrogen molecules adsorbed on the crystal at low tem-
peratures are not desorbed during the temperature rise but
are dissociated and stay on the surface as atoms causing the
dramatic decrease in sticking probability.

3.5. LEED

The LEED observations by Ertl and co-workers (10) re-
vealed the formation of a series of nitrogen-induced sur-
face structures of Fe(111) dependent on the temperature
and the nitrogen coverage. The sequence of structures ob-
served was a 3 x 3 structure formed in the temperature
range 410-470 K at relatively low coverages, and at increas-
ing coverage a (+/19 x +/19)R23.4° structure followed by a
(v/21 x +/21)R10.9° and a (3+v/3 x 3+/3)R30° structure. In
addition they also observed the formation of a 2 x 2 struc-
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ture when the crystal was kept at 610 K under vacuum for
about 30 min after presaturation and surface cleaning. In
the present experiments we had no difficulties in obtaining
the 3 x 3 and the (3v/3 x 3+/3)R30° structures. The 3 x 3
structure (Fig. 8a) could easily be formed at temperatures
above ~440 K at coverages in the range 0.4-0.6 ML. At
higher temperatures and usually also higher coverages the
(3v/3 x 3+/3)R30° structure was formed (Fig. 8b). However,
at even higher coverages and temperatures (>580 K) a new
5 x 5structure appeared. Thisstructure seemsto be fully de-
veloped by a high exposure, e.g., 200 Torr in 30 min at 809 K,
followed by cooling down in nitrogen at a brief anneal at
670 K (Fig. 8¢). Itshould be emphasized that there is no sim-
ple relation between the surface structure and the coverage
measured by XPS. Thus the 3 x 3, the (3v/3 x 3+v/3)R30°,
and the 5 x 5 structures have been observed for coverages
in the ranges 0.3-0.6, 0.7-1.1, and 0.85-1.3 ML respectively.
In a number of stepwise, partial desorption experiments
in UHV after very high exposures the same sequence of
structures was always seen:

5x5= (3v3x3v3)R30° = 3 x 3

We have not made special attempts to obtain the above-
mentioned intermediate structures, (+/19 x +/19)R23.4° and
(+/21 x +/21)R10.9°, and they did not appear probably be-
cause they are not stable under the conditions of our LEED
experiments.

The details of one typical heat treatment sequence are as
follows:

After the crystal with an initial coverage of 0.13 ML ni-
trogen had been presaturated by a 30 min exposure at 809 K
to 260 Torr nitrogen and cooled down in nitrogen to 440 K
for 30 min, aweak 5 x 5 pattern and a strong, diffuse back-
ground were seen. The XPS peak areas corresponded to a
coverage of 1.35 ML. The crystal was then heated at 670 K
for 2 min, reducing the coverage to about 1.3 ML and result-
ing in a sharp 5 x 5 LEED pattern and a low background.
A subsequent 10 min heating at 670 K did not change the
LEED pattern. The crystal was then heated in 1 min steps at
temperatures that were increased by about 9 K at each step.
The 5 x 5 pattern remained clearly visible after 10 steps
ending at 763 K. Also after a subsequent 60 min heating at
670 K and another 1 min heating at 772 K the 5 x 5 struc-
ture could still be seen, but the (3+/3 x 3+v/3)R30° structure
began to appear after the next 1 min heating at 781 K. Fur-
ther heating for 3 min at 781 K brought the coverage down
to about 1.06 ML and sharpened the (3+v/3 x 3+/3)R30° pat-
tern considerably. After four more 1 min steps, the last at
809 K, the (3v/3 x 3v/3)R30° became very weak and a 3 x 3
pattern appeared. After another 1 min heating at 818 K the
3 x 3 was sharp with little background. The coverage was
now 0.54 ML. This sequence is illustrated in Fig. 9.

The 2 x 2 structure seen by Ertl and co-workers (10) af-
ter heating the presaturated crystal with an initially clean
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FIG.8. LEED patterns obtained using an electron beam energy of 42 eV. (a) 3 x 3 structure obtained after 260 Torr, 30 min exposure at 809 K,
cooling in N plus 90 min step heat treatments (see Fig. 9). Coverage ~0.54 ML. (b) (3v/3 x 3+/3)R30° structure obtained after 260 Torr, 30 min exposure
at 809 K, cooling in N, plus 85 min step heat treatments (see Fig. 9). Coverage ~1.06 ML. (c) 5 x 5 structure obtained after 50 Torr, 60 min exposure
at 800 K and cooling in N,. Coverage ~0.96 ML. (d) 6 x 6 structure obtained after 50 Torr, 60 min exposure at 809 K and cooling in N,. Coverage
~0.70 ML.
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FIG.9. LEED patternchangesduring stepwise heating after 260 Torr,
30 min saturation at 809 K and cooling in N,. The initial 5 x 5 pattern
(O) (coverage=1.3 ML) is after many heating steps changed into the
(3v/3 x 3+/3)R30° pattern (<) (coverage =1.06 ML) and finally into the
3 x 3 pattern (A) (coverage =0.54 ML).

surface under vacuum was never observed in the present
experiments. Segregation experiments after saturation at
809 K, 200 or 500 Torr for 30 or 60 min, resulted in either
aweak 1 x1 LEED pattern with a bright background or
the (3v/3 x 3+/3)R30° or the 5 x 5 pattern depending on
the segregation temperature (531, 624, and 670 K, respec-
tively).

Finally it should be mentioned that another new struc-
ture was seen in one experiment. In this case the crystal
with a very low level of bulk nitrogen was saturated under
“normal” conditions (50 Torr nitrogen, 60 min at 809 K)
and cooled down in nitrogen, which resulted in a coverage
of 0.71 ML. The 6 x 6 LEED pattern obtained is shown
in Fig. 8d. Due to the high nitrogen bulk diffusion rate at
809 K it is not possible within the exposure time to build
up the high surface coverage required for forming the 5 x 5
structure. This is confirmed by the subsequent experiment.
After the bulk was emptied and the surface was cleaned by
sputtering, the crystal was again exposed to 50 Torr nitro-
gen for 60 min, this time at 670 K. A coverage of 0.93 ML
and the 5 x 5 structure were obtained.

3.6. Temperature-Programmed Desorption

A TPD spectrum obtained after a 1.5 x 10~ Torr expo-
sure at 640 K for 20 min (nitrogen coverage ~0.6 ML) by
heating the crystal from 440 to 948 K at a rate of 2 K/s is in
Fig. 10 compared to a N, TPD spectrum from Ertl and co-
workers (10) using 4 x 10~* Torr exposure (coverage not
reported). The agreement is satisfactory considering the
differences in heating rate, exposures, and bulk desorption.

TPD spectra corresponding to the opposite extreme with
respect to preexposure were also obtained. A TPD spec-
trum obtained after high exposures at 809 K by 500 Torr
nitrogen and cooling down in nitrogen is shown in Fig. 11.
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FIG.10. Ny/Fe(111) TPD after 1.5 x 102 Torr, 20 min exposure at
640 K. Heating rate 2 K/s. For comparison a TPD spectrum from Ref. (10)
is also shown (dashed).

One very sharp peak with an unusual shape is seen at about
848 K and a broader one isseen at 873 K. The unusual shape
of the first peak suggests that it reflects a phase transition,
e.g., a collapse of a surface reconstruction, when the cov-
erage decreases below a critical value. The detailed history
of the treatments of the crystal prior to the TPD spectrum
of Fig. 11 is as follows: The crystal without nitrogen was
exposed at 809 K to 500 Torr nitrogen for 4 h and cooled
down in nitrogen after which a TPD experiment was con-
ducted (not shown). The surface was then cleaned by ar-
gon ion sputtering and as before exposed to 500 Torr ni-
trogen for 1 h at 809 K and cooled down in nitrogen. XPS
measurements showed that the coverage just before TPD
was 1.10 ML. Isothermal desorption experiments were con-
ducted in order to better characterize the surface state(s)
by eliminating the temperature dependence of the desorp-
tion rate. After the crystal was exposed at 809 K to 50 Torr
nitrogen for 60 min and cooled down in nitrogen the crystal
was heated at the usual rate (2 K/s) from 440 to 809 K; i.e.,
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FIG. 11. Ny/Fe(111) TPD after 500 Torr, >4 h exposure at 809 K and

cooling in N. Heating rate 2 K/s. For comparison the TPD spectrum from
Fig. 10 is also shown.
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FIG. 12. Isothermal N, desorption at 809 K after 500 Torr, 60 min

exposure at 809 K, cooling in Ny, and a linear temperature rise at 2 K/s
from 440 to 809 K.

the rise was stopped before the first peak developed. Then
the temperature was kept constant at 809 K for ca. 11 min.
The nitrogen mass spectrometer (MS) current versus time
is shown in Fig. 12. It is seen that after ca. 2 min the normal
monotonous decrease of the desorption rate is interrupted
by a peak, indicating that the structure becomes unstable
when the coverage becomes smaller than a critical value. At
this stage the coverage was reduced to 0.78 ML and LEED
showed a change from the 5 x 5 to the (3v/3 x 3+/3)R30°
structure. A new combined TPD and isothermal desorp-
tion experiment was carried out without further exposure
between the experiments to see if any trace of the first peak
remained and if a breakdown of an unstable structure could
still be observed during the isothermal desorption. In this
case the crystal was heated linearly from 440 to 864 K,
i.e.,, a temperature between the two peaks in Fig. 11, and
kept at 864 K for ca. 5 min. In the TPD spectrum a very
small, broad peak could just be seen above the strongly ris-
ing background due to the desorption of nitrogen from the
bulk. No peak developed during the isothermal desorption
at 864 K. The latter experiment was then repeated after
exposing the crystal again at 809 K to 50 Torr nitrogen for
60 min and cooling down in nitrogen. The desorption rates
measured as a function of time are shown in Fig. 13. Asin
Fig. 11 a sharp peak is seen at 848 K during the linear heat-
ing; 864 K was reached after 250 s and the temperature was
then kept constant. It is seen that the monotonous decrease
of the desorption rate was also in this case interrupted by
a peak. The development of the peak started ca. 30 s after
the start of the isothermal desorption at 864 K.

The TPD spectra obtained were, as mentioned above,
strongly influenced not only by the temperature, pressure,
and time used in the adsorption process prior to the TPD
but also by the content of bulk nitrogen left from previous
experiments. To investigate the dependence on the amount
of nitrogen deposited in the crystal and at the same time to
avoid the latter complication a series of TPD experiments
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FIG. 13. Isothermal N, desorption at 864 K after 500 Torr, 60 min

exposure at 809 K, cooling in N, and a linear temperature rise at 2 K/s
from 440 to 864 K.

was carried out, where prior to the experiment the bulk
concentration of nitrogen was decreased to a very low level
by isothermal desorption at 948 K until the rate of des-
orption became very small. In each experiment the crystal
was, before linear heating from 440 to 948 K, exposed to
50 Torr nitrogen for 60 min at different temperatures in the
range 485-809 K and cooled down in nitrogen. The TPD
spectra obtained are shown in Fig. 14. It is seen that the
spectra obtained using exposure temperatures in the range
578-763 K have two peaks which are growing and moving
toward higher peak temperatures when the exposure tem-
perature is increased. The spectra obtained after the lowest,
485 K, and the highest exposure temperature, 809 K, dif-
fer qualitatively from the other spectra in Fig. 14 by having
one peak only. The total amount of nitrogen, N, deposited
during the preexposure was determined by integrating the
MS current for the TPD and for the isothermal desorption
part of the experiment. The peak temperatures, the start
coverages (from XPS peak area ratio), and Ny are shown

MS current

700 750 800 850
Temperature (K)
FIG. 14. N,/Fe(111) TPD spectra obtained after 50 Torr, 1 h exposure

at the following temperatures: 485 (- - - - - ), 578, 624, 670, 693, 716, 763, and
809 K (---). Cooling in N,. Heating rate 2 K/s.
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TABLE 4
N2/Fe(111) TPD after 1 h Exposure

Exposure: 50 Torr, 1 h, +TPD + isotherm desorption (948 K)

Texpos  Total desorption  Initial coverage  Calc. bulk  Tpr  Tp
(K) (ML) (ML) (ML) K K
485 0.88 0.88 0.001 — 837
578 1.53 0.93 0.028 771 843
624 1.64 0.90 0.087 779 847
670 2.08 0.93 0.228 785 850
693 3.02 0.96 0.352 788 852
716 3.36 0.93 0.528 790 852
739 4.34 0.92 0.772 799 857
763 4.86 1.00 1.120 801 860
809 8.46 0.71 2.149 — 842

in Table 4. It is seen that coverages are almost the same for
all the two-peak spectra while it is significantly lower for the
two one-peak spectra. It is obviously not possible to obtain
a coverage sufficiently high to form the two-peak state at
the lowest exposure temperature. Neither is it possible at
the highest temperature, 809 K, due to the high bulk diffu-
sion rate preventing the surface concentration, to reach the
critical coverage.

That the surface state of the crystal, as revealed by TPD
spectra, depends sensitively on the history of the crystal is
illustrated further in Fig. 15. Two TPD spectra, Nos. 1 and 2,
obtained after our standard presaturation, 809 K, 500 Torr
nitrogen, 1 h, cooling down in nitrogen and subsequent
sputter cleaning and adsorption experiments, are shown
together with the high-exposure spectrum from Fig. 11,
denoted No. 3. The surface nitrogen coverage measured
by XPS was almost the same for the three spectra: 1.04,
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FIG.15. Two Nj/Fe(111) TPD spectra, 1 and 2, obtained after
500 Torr, 1 h exposure at 809 K, cooling in N, and additional sputter
cleaning plus N, adsorption. Heating rate 2 K/s. Spectrum 3 is the high-
exposure spectrum shown in Fig. 11. Initial coverage is almost the same
(~1.1 ML) for the three spectra. Different adsorption temperatures and
sputter cleanings (see text for details).
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1.10, and 1.10 ML, respectively. After the standard presat-
uration and sputter cleaning but before TPD2 the surface
was exposed at 485 K to 500 Torr nitrogen for 1 h. In the
case of TPD1 three sputter cleaning and adsorption ex-
periments were made after the standard presaturation but
before TPD1. The first two adsorption experiments were
made at 485 K, 1 Torr nitrogen in about 1 h, while the last
one was done at 578 K, 500 Torr nitrogen in 1 h. Despite the
fact that the adsorptions prior to the TPD were made at a
higher temperature in TPD1 than in TPD2 the peak tem-
peratures are higher in the latter spectrum. This is probably
due to the larger number of sputter cleanings before TPD1
than before TPD2 removing more subsurface nitrogen in
the former case. Itis also seen in Fig. 15 that the peak corre-
sponding to the second peak at 893 K in Fig. 11 is composed
of at least two components in the TPD1 and TPD?2 spectra
at 870, 880 and 874, 887 K, respectively. Also the shape of
the second peak in the spectra corresponding to exposure
temperatures 716, 739, and 763 K in Fig. 14 shows that the
peak is composed of more than one components.

3.7. Correlation between Surface Structure
and TPD Spectra

A number of TPD studies were carried out subsequent to
surface structure characterization by LEED after different
pretreatments. The results of such a series of TPD experi-
ments (designated Nos. 57, 62 to 65, and 68) are illustrated
in Table 5 and Fig. 16. In all cases, except experiment 63,
the nitrogen concentration in the bulk was brought down
to a very low level by desorption at 948 K before the indi-
cated exposure. In experiment 63 the crystal was exposed
to 500 Torr nitrogen at 809 K for 60 min and cooled down
in nitrogen, then the surface was cleaned by Ar™ ion sput-
tering, and finally it was exposed to 500 Torr nitrogen at
670 K for 60 min (and cooled down in nitrogen) as indi-
cated in Table 5. By comparing the structure information in
Table 5and Fig. 16 itis seenthat a5 x 5 structure always re-
sults in a TPD spectrum with two peaks. TPD spectrum 64

TABLE 5

Na/Fe(111) LEED and TPD after 1 h Exposure and
Cooling in Nitrogen

Texpos N, pressure 0i 0 LEED TPD
(K) (Torr) (ML) (ML) structure No.
809 500 0.97 0.06 5x5 57
578 500 0.87 0.05 5 x 5, weak 62
6702 500 0.92 0.07 5x5 63
670 5 0.82 0.05 (3v/3 x 3V/3) 64
670 100 0.88 0.04 5x5 65
670 500 0.92 0.04 5x5 68

2Prior to exposure the crystal was exposed at 809 K to 500 Torr nitrogen
for 1 hand cooled down in nitrogen. The surface was subsequently cleaned
by sputtering.
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FIG. 16. N,/Fe(111) TPD spectraobtained after formationofthe5 x 5

(Nos. 57, 62, 63, 65, and 68) and the (3+/3 x 3+/3)R30° surface structure
(No. 64).

corresponding to the (3+/3 x 3+/3)R30° structure is shown
with a dashed line in Fig. 16. It is seen that it closely resem-
bles spectrum 62 but the first peak has almost disappeared
and the shoulder of the second peak is smaller. This is more
clearly seenin Fig. 17. The 5 x 5 structure always gives TPD
spectra with two peaks while the 3 x 3 and the 6 x 6 struc-
tures give only one TPD peak as illustrated in Fig. 18.

4. DISCUSSION

4.1. Adsorption Experiments

The motivation for undertaking a new study of the inter-
action of nitrogen with Fe(111), despite the apparent com-
pleteness of the previous studies by Ertl and co-workers,
was, as mentioned in the Introduction, that it has been
suggested (18, 19) that a possible explanation of the ap-
parent inconsistency of the catalyst and the single-crystal
adsorption results may be that the effective gas tempera-
ture was unknown but smaller than the surface temperature

MS current
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FIG. 17. Comparison of the Ny/Fe(111) TPD spectra 62 and 64 ob-
tained after formation of the 5x 5 and the (3v/3 x 3+/3)R30° surface
structure, respectively.
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FIG. 18. N./Fe(111) TPD spectraobtained after formationofthe 3 x 3
and 6 x 6 surface structures, respectively.

in the experiments of Ertl co-workers (10) because of the
low pressure used. Therefore, in the present study adsorp-
tion measurements were performed after exposures made
with pure nitrogen at low pressures and also using similar
nitrogen partial pressures but much higher total pressures
by adding argon. It turned out that all the adsorption mea-
surements at the same temperature contributed within the
accuracy of the measurements to one and the same adsorp-
tion curve independent of the total pressure. The conclusion
is that the dissociative adsorption of nitrogen on Fe(111)
depends very little on the gas temperature, at least in the
temperature range covered by the present adsorption ex-
periments, 393-578 K. How can this result agree with the
strong energy dependence of the beam results of Rettner
and Stein (16)?

First, itis very difficult to compare monoenergetic molec-
ular beam results with results obtained by adsorption from
an equilibrium environmental gas because an accurate ex-
trapolation to low energies is required in order to de-
rive a gas temperature-dependent sticking coefficient for a
Maxwell-Boltzmann gas by integration over all molecular
beam energies. Second, the result of Rettner and Stein (16)
were obtained at a fixed surface temperature (520 K) while
the environmental gas results correspond more closely to
a gas temperature which is equal to (or lower than) the
surface temperature. Rettner and Stein (16) investigated
the influence of the surface temperature at one beam en-
ergy (1.05 eV). If we assume that this dependence applies
also at the other beam energies and that normal energy
scaling is a good approximation then the environmental
nitrogen initial sticking coefficient can in principle be de-
rived by integrating the beam results corrected for sur-
face temperature change. Rettner and Stein (16) state that
contributions of vibrationally excited molecules are small
and need not be taken into account. The results of such
calculations are shown in Fig. 19 together with the initial
sticking coefficients from Table 1. The solid and the long-
dashed lines represent results calculated without and with
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FIG. 19. Initial dissociative sticking coefficients for N, on Fe(111)
from Table 1 compared with that obtained by Ertl and co-workers (2) (- - -)
and with the Maxwell-Boltzmann gas sticking coefficients calculated from
the molecular beam results of Rettner and Stein (16), not corrected (—)
and corrected (——-) for surface temperature dependence.

corrections for surface temperature dependence, respec-
tively. The short-dashed line shows the value of the ini-
tial sticking coefficient as reported by Ertl and co-workers
(2). The temperature dependence derived from the beam
data is, in the temperature range of the present work, sur-
prisingly weak corresponding to an average activation en-
ergy of about 7 kJ/mol in reasonable agreement with the
lack of any significant temperature dependence of the ini-
tial sticking coefficients of the present work and Ertl and
co-workers (2). It is seen in Fig. 19, however, that the ab-
solute values of the initial sticking coefficients calculated
from the beam results of Rettner and Stein (16) are about
a factor of 7 smaller than those determined in the present
work and about three times smaller than those obtained by
Ertl and co-workers (2). The fact that the present results
show, in agreement with Ertl and co-workers (10), that the
temperature dependence of the initial sticking coefficient
is negligible may be explained by a precursor mechanism
as suggested by Ertl and co-workers (2) while the strong
energy dependence of the beam results is more easily ex-
plained by a direct dissociation process. The fact that the
integration of the beam results gives sticking coefficients
much smaller than those measured in the experiments of
Ertl and co-workers (10) and in the present work may then
be explained by a change of dominating mechanism when
going from low to high energies. Recently Hansen et al.
(38) have performed dynamical calculations of the disso-
ciative chemisorption of N, molecules on Fe(111) based on
asemiempirical potential energy surface. In their model the
collision time is much shorter than the oscillation period of
the physisorbed molecule so they concluded that no pre-
cursor state is involved. They suggest that the decrease in
sticking probability with increasing surface temperature ob-
served by Rettner and Stein (16) is somehow caused by the
interaction with substrate motion. Darling and Holloway
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(39) have criticized this suggestion. They point out that
the surface mass model (39), which in the present case is
a good approximation, cannot yield a decrease in sticking
probability with increasing surface temperature for a ris-
ing dissociation curve. Beam studies by Rettner and Stein
(40) show that vibrational excitation of the N, molecules
of the beam enhances the dissociative sticking probability,
indicating that not all the molecules are equilibrated in a
precursor state before dissociation under the conditions of
the beam experiment. This reinforces our suggestion that
the dominating mechanism changes with increasing energy
from a precursor to a direct process.

The coverage dependence of the dissociative sticking
probability is probably closely related to the structure
changes revealed by LEED. The saturation coverage of the
adsorption curves (Table 1) increases by about 20% when
increasing the adsorption temperature from 393 to 578 K.
The results of Ertl and co-workers (10) show a much larger
increase in the saturation coverage with increasing temper-
ature, ca. 70% in the temperature range from 373 to 508 K.
This difference may be due to the much higher pressures
used in the present work when saturating the surface, caus-
ing the saturation level at the lower temperatures to come
closer to the high-temperature saturation level. The fact
that the coverage can be increased beyond the adsorption
saturation level (~0.85 ML) to above 1 ML by segrega-
tion may be explained as a difference between dissociative
molecular nitrogen adsorption and atomic nitrogen adsorp-
tion. In the former case three to four free sites are needed
for dissociation to take place, while only one site is needed
for atomic nitrogen adsorption.

4.2. Simulation of a Catalyst Experiment

Having confirmed the validity of the results of Ertl and
co-workers (10) it remains to explain the surprisingly low
rate of nitrogen adsorption on a singly promoted iron cata-
lyst recently observed in a TPA experiment (17). The sim-
ulation of this catalyst TPA experiment using the Fe(111)
crystal shows that an adsorption rate of the same low or-
der of magnitude is measured for the crystal at 350 K as
was obtained for the catalyst. In the case of the Fe(111)
crystal the explanation is clear. A significant part of the
molecules adsorbed at low temperature does not desorb
during heating but is dissociated, giving a surface coverage
of 0.65 ML at 350 K as measured by XPS. The final satura-
tion coverage for nitrogen adsorption in Fe(111) is found
to be about 0.8 ML for sufficient high exposures. However,
it is seen in Fig. 4 and Table 1 that 0.7 ML corresponds to
intermediate saturation with very low sticking probability
at 393 K, respectively. An intermediate saturationat 0.5 ML
has been seen in 300 K adsorption experiments. Therefore
it is very plausible that 0.65 ML is close to such an interme-
diate saturation coverage at 350 K, explaining the very low
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adsorption rate observed. We suggest that the same expla-
nation applies to the catalyst, but note that it has not been
proved because information about nitrogen coverages on
the catalyst surface is lacking.

4.3. LEED and TPD Experiments

The most surprising result of the present study is the ob-
servation of new nitrogen chemisorption states formed at
high exposures with temperatures above 570 K and ele-
vated nitrogen pressure as revealed by TPD spectra and
LEED patterns. For exposures at 50 Torr and temperatures
in the range 570-760 K a new 5 x 5 surface structure is de-
veloped. This structure is also developed at 809 K if the
bulk of the crystal contains significant amounts of nitrogen
from previous experiments or if the pressure used during
exposure is higher, e.g., 500 Torr. To our knowledge this
structure has not been reported before in connection with
nitrogen adsorption on Fe(111). However, it is interesting
that Yoshida and Somorjai (41) reported on the observation
of 5 x 5 structures in an exploratory LEED and AES inves-
tigation of surface structures formed when CO, CO,, CoH,,
C;H4, Hz, and NHz are chemisorbed on Fe(110) and Fe(111)
surfaces. When C,H, or C,H, was adsorbed on the Fe(111)
surface using an exposure >1 x 107® Torr x s a 3 x 3 struc-
ture was formed by heating to 600 K. This was changed into
a 1 x 1 structure by further heating to 850 K. Also adsorp-
tionof COand CO;resultedin3 x 3and 1 x 1structures but
in this case by heating to 720 and 800 K, respectively. After
repeated exposures and flash desorption a 5 x 5 structure
was formed by heating to 700 K after CO, CO,, C,H,, or
C,H, was adsorbed. When the surface was heated to higher
temperatures the 5 x 5 structure was changed into a 3 x 3
structure. When NH3 was adsorbed at 270 K a streaky pat-
tern was seen. On heating to 420 K it was converted into a
5 x 5structure with streaksand thento a (v/21x+/21)R10.9°
surface structure. Heating to 850 K produced a sharp 3 x 3
surface structure. Yoshida and Somorjai (41) presented a
schematic diagram of the 5 x 5 LEED pattern formed after
NHj3 adsorption. Most of the spots corresponding to a com-
plete 5 x 5 structure are missing so it looks different from
the 5 x 5 patterns seen in the present work. Only the spots
nearest the 1 x 1 spots plus three more spots on top of small
striations and closer to the (0, 0) spot are visible. We have
been able to obtain a fully developed, sharp 5 x 5 structure
by exposing the clean Fe(111) crystal to NH3 at 670 K (42).
The doser was not calibrated so the exposure is not known
accurately, but is estimated to be lees than about 1000 ML,
i.e., many orders of magnitude smaller than the exposures
used in the N, adsorption experiments. It is well known that
the same state of nitrogen in iron can be obtained at a far
lower ammonia than nitrogen pressure when the hydrogen
pressure is low. Ertl et al. (43) demonstrated this fact in the
case of the formation of the Fe4N nitride using the known
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thermodynamic expressions for the solubility of nitrogen in
iron and the equilibrium between nitrogen in iron and in
FesN nitride together with the equilibrium constant for the
ammonia synthesis reaction. They calculated, e.g., that at
670 K a nitrogen pressure of 3100 atm (1 atm = 101,325 Pa)
is equivalent to an ammonia pressure of 3.6 x 107! atm
for the formation of Fe4,N when the hydrogen pressure is
1 x 10~* Torr. Yoshida and Somorjai (41) did not report the
NHj3 exposure used in their work, and it is not clear whether
several exposures and flash desorptions were needed for the
formation of the 5 x 5 structure obtained by NH3 adsorp-
tion. Anyhow, it is very probable that it is the same 5 x 5
surface structure, although perhaps incomplete, as the one
seen in the present work. It may then by concluded that an
equivalent surface structure can be obtained by adsorbing
and decomposing carbon containing molecules on Fe(111).

The close link between the features of the TPD spec-
tra and the LEED patterns allowed us to follow the trans-
formation of the structure during isothermal desorption.
The results on Fig. 12 show that the disappearance of the
5 x 5 structure during desorption is not gradual, but that
the structure breaks down when the coverage is reduced
to a certain critical value, somewhat higher than the cov-
erage, 0.78 ML, in the end of the experiment of Fig. 12,
where the (3v/3 x 3+/3)R30° structure was observed. In
the two subsequent experiments in which the temperature
of the crystal was increased linearly with time of 864 K
and then kept constant, the first without and the second
with reexposure before the experiment, a peak was seen
during the isothermal desorption only in the second ex-
periment (Fig. 13). Although most of the first peak is des-
orbed during the temperature rise in the second experi-
ment, making it plausible that the structural transformation
5 x 5 — (3+/3 x 3+/3)R30° has taken place, we cannot be
absolutely sure that the transformation has been brought
to completion and that the peak seen during the isothermal
desorption shows that the (3v/3 x 3+/3)R30° structure also
breaks down when the coverage becomes smaller than a
critical value. However, this assertion is supported by the
results of some isothermal desorption experiments, which
we have conducted (42), but do not discuss in any detail in
the present paper. In some of them two peaks have been
seen, e.g., during desorption at 763 and 739 K from initial
coverage of 0.95 and 0.96 ML, respectively. Thus also the
(3v/3 x 3+/3)R30° structure breaks down rapidly when the
surface coverage is reduced below a critical value. The step
heating experiment depicted in Fig. 9 shows that the 5 x 5
structure is very stable at 670 K under vacuum but is rapidly
changed into the (3v/3 x 3v/3)R30° structure when the crys-
tal is heated to 780 K under vacuum. The latter structure is
on the other hand rapidly changed into the 3 x 3 structure
when the temperature is increased to 820 K. From the fact
that we have not observed the “intermediate” structures,
(V19 x +/19)R23.4° and (/21 x +/21)R10.9°, we can only
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conclude that they are transformed rapidly under the con-
ditions of our experiments, but not that they are unstable
also at other conditions.

At all the exposures giving TPD spectra with two peaks,
e.g., all those in Fig. 14 corresponding to 50 Torr, 60 min
exposure in the temperature range 578-763 K, for which
LEED patterns have been obtained, a more or less well-
developed 5 x 5 pattern is seen. However, when the expo-
sure temperature is increased to 809 K, the high bulk diffu-
sion rate prevents the build up of the 5 x 5 surface structure
within the 60 min, 50 Torr exposure if the bulk initially has
a very low concentration of nitrogen. In the only case in
which a LEED observation was made after such an expo-
sure, a6 x 6 LEED pattern appeared, clearly different from
the other patterns observed although the coverage mea-
sured (0.70 ML) is within the range (0.5-0.9 ML) where the
(3+/3 x 3+/3)R30° structure has been observed.

It may be suggested that the TPD, isothermal desorption,
and LEED results may be explained by assuming that the
5 x 5 structure is a reconstruction which permits a higher
number of nitrogen atoms to be incorporated in the surface.
The reconstruction can only take place in the presence of
a source of atomic nitrogen because the surface is inert to
dissociative chemisorption of nitrogen before the forma-
tion of the 5 x 5 structure. In our case the atomic nitrogen
is provided by the bulk through segregation. When the ex-
tra nitrogen incorporated in the 5 x 5 structure is removed
from the surface then the reconstruction is lifted.

It is interesting to compare the total amount of nitrogen
desorbed during the TPD plus isothermal desorption ex-
periments of Fig. 14 to the amount of nitrogen diffused into
the bulk during exposure plus the initial amount in the sur-
face, i.e., the initial coverage. In Table 4 are shown the total
amounts desorbed from one side of the crystal slab, the ini-
tial coverages, and the amounts diffused into the bulk of
half of the crystal slab. The total amount desorbed is deter-
mined by integrating the mass spectrometer current during
desorption and scale the value so that the amount is equal
to the coverage at the lowest temperature (485 K) where
the amount diffused into the bulk is negligible. The amount
diffused into the bulk during exposure is calculated by nu-
merical integration of the diffusion equation assuming a
constant source equal to the solubility, [N,], of nitrogen in
a-iron (atomic ratio) (44)

[N,] =5.01 x 103 exp(—32.5/RT) x Ry)? 3]

and using the expression for the diffusion constant for ni-
trogen in iron given by da Silva and McLellan (45). In ex-
pression [3] the pressure is in atm and the activation energy
in kJ/mol. At the higher temperatures the sum of the cov-
erage and the amount diffused into the bulk is smaller than
the total amount desorbed. However, excellent agreement
is obtained, as shown in Fig. 20, if we amplify the strength
of the diffusion source by a factor of 3.8. Edge contribu-
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FIG. 20. Total N;amounts (@) desorbed during the TPD experiments
of Fig. 14 and the sums of the initial coverage and the calculated amount
deposited in the bulk multiplied by 3.8 (O).

tions to the diffusion have not been taken into account in
the calculation. For our crystal slab they may contribute up
to 30% more bulk nitrogen, which may reduce the ampli-
fication factor to 2.7. It is probable that this deviation may
be explained by uncertainties in the available diffusion and
solubility data.

4.4. The 5 x 5 Surface State and the Synthesis Reaction

In the course of the present studies we have unfortu-
nately not been able to obtain the experimental informa-
tion necessary for answering the crucial question, whether
these new surface states are important for the understand-
ing of the ammonia synthesis under industrial conditions.
However, if we assume that the 5 x 5 state has an appre-
ciable subsurface extension and that this means that bulk
thermodynamics can be applied, then information about
the nitridation potential, an, necessary for the formation of
the 5 x 5 surface state may be extracted from the present
experimental results. It is clear that the 5 x 5 surface state
can be formed in the temperature range 570-765 K using
a nitrogen pressure of 50 Torr. The equilibrium constant,
Keg, for the ammonia synthesis equilibrium

N, + 3H, = 2NHj3 [4]
is given by
P2 P2
Keq — PNHI3330 i [5]
N2 Hz

where Py is the standard pressure (1 atm). By rearranging
[5] the following expression for the nitridation potential, ay;,
equivalent to pure nitrogen at the pressure Py, is obtained
(where Py, is measured in atm):

PnH _ _
an = 3/23 = (KegPn,) 12 [atm l/2]. [6]
P,
Nitridation potentials equivalent to 50 Torr nitrogen are
in Table 6 compared to nitridation potentials for the effluent
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TABLE 6

Nitridation Potential ay of the Effluent Gas in NH3
Synthesis Experiments

T Pressure ay of effluent gas Upper limitay of 5 x 5
(K) (atm) (atm~%2) (atm~%2)
763 214 0.031-0.023 0.0011
723 320-107 0.050-0.018 0.0017
683 320-107 0.041-0.015 0.0028
643 214 0.015 0.0050
623 214 0.010 0.0069
604 214 0.0047 0.0094
575 1 0.0036-0.0023 0.016
551 1 0.0025-0.0015 0.025
524 1 0.0015-0.00089 0.044

ammonia synthesis gas calculated from results obtained at
temperatures in the range 604-763 K and pressures in the
range 107-320 atm (46) and from results obtained in the
temperature range 524-575 K at 1 atm (47). These two sets
of experimental data are reproduced and compared to mi-
crokinetic models by Aparicio and Dumesic (48). It is seen
in Table 6 that all the nitridation potentials of the effluent
gas of the 1 atm experiments are much smaller than the po-
tentials calculated for the 5 x 5 surface state. It is therefore
very unlikely that the 5 x 5 state is present under the 1 atm
reaction conditions. Conversely, it is tempting to conclude
from the results in Table 6 that the 5 x 5 state is formed
under high-pressure synthesis conditions. However, under
real synthesis conditions the presence of hydrogen and sig-
nificant amounts of hydrogen containing species, NH, NHs,
and NHgs, on the surface may reduce the probability for the
formation of the 5 x 5 state. More detailed studies taking
the coverage of these surface species into account must be
carried out before a reliable conclusion can be reached. In
the above-mentioned experiments, in which the 5 x 5 state
was formed using low pressures of NHg, it can be estimated
that due to the very low hydrogen pressure the nitridation
potential was orders of magnitude higher than the poten-
tials in Table 6.

5. CONCLUSIONS

The present study of the interaction of nitrogen with the
Fe(111) surface using partial and total pressures from 10~*
to 500 Torr and temperatures in the range 300-809 K leads
to the following conclusions:

1. The dissociative chemisorption probability depends
at small exposures very weakly on the gas temperature,
indicating a precursor mechanism at thermal energies.

2. The adsorption saturation coverage increases weakly
with temperature in the range 393-578 K from about 0.72 to
0.85 ML.. However, the coverage (measured by XPS) can be
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increased further to about 1.1 ML by segregation, showing
that more nitrogen can be incorporated in the surface from
an atomic source than by dissociative chemisorption.

3. Athigh exposures, e.g., 50 Torr, 1 h, and temperatures
in the range 570-765 K (or higher temperatures but also
higher pressures), a new 5 x 5 surface structure is seen.
A subsequent TPD spectrum contains two peaks, which
moves to higher temperatures when the initial coverage is
increased. At the lower coverage obtained by a 50 Torr,
1 h exposure at 809 K a 6 x 6 structure may appear. The
corresponding TPD spectrum contains only one peak.

4. Peaks appearing during isothermal desorption exper-
iments after formation of the 5 x 5 or the (3v/3 x 3v/3)R30°
surface structure show that these surface states break down
when the coverage is reduced below critical values. Dur-
ing breakdown the 5 x 5 structure is transformed into the
(3v/3 x 3+/3)R30° surface structure.

5. Estimates made from the measured coverages and
from the measured total amounts desorbed of the amounts
of nitrogen deposited in the crystal in the combined TPD
and isothermal desorption experiments after exposures at
high temperatures (~700-800 K) are in reasonable agree-
ment with the calculated amounts diffused into the crystal
considering the uncertainties of the absolute values of the
diffusion coefficient and solubility of nitrogen in iron.

6. Thermodynamic estimates show that the 5 x 5 surface
state may be formed under industrial ammonia synthesis
conditions on part of the surface, if the formation is not
prevented by significant amounts of adsorbed hydrogen or
hydrogen containing species.
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