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The chemical nature and compositions of the surfaces of industrial Fe ammonia catalysts
were investigated by means of X-ray photoelectron spectroscopy (XPS). Unreduced catalysts
exhibit a strong enrichment of K and Al and only rather small Fe concentrations in the surface
region. Treatment in Ny + H, mixtures (1 atm) at 350—400°C causes complete reduction of
iron and a substantial increase of the surface concentration of this element whereas the other
cations remain in their oxidized state. The establishment of the synthesis equilibrium was fol-
lowed by means of a mass spectrometer. Under reaction conditions only relatively small sta-
tionary concentrations of atomic nitrogen are present on the surface which supports the con-
clusion that dissociative chemisorption of nitrogen is the rate-limiting step. After cooling the
catalyst to room temperature in the reaction gas mixture in addition NH, adsorbed to the oxidic
components as well as NH and/or NH; attached to iron were discovered.

1. Introduction

The Haber—Bosch process for the direct synthesis of ammonia from the elements,
N, +3H, == 2NHj5, over promoted iron catalysts was developed during the beginning
of this century and has since then developed into a huge industry [1]. Despite nu-
merous studies in the past seven decades the detailed mechanism of this important
catalytic reaction has not yet been fully explored [2]. It is hoped that further pro-
gress in this field may be achieved by the use of modern surface spectroscopic tech-
niques along two lines. Firstly individual reaction steps and their influencing parame-
ters may be studied with well-defined (preferentially single crystal) surfaces under
gas pressures which are very far away from the real conditions. A series of papers
dealing with this aspect have been published recently from our group [3—10] as well
as from other laboratories [11—-15]. Secondly a characterization of the surface
properties of practical catalysts as well as studies under more realistic pressures con-
ditions (say 1 atm instead of < 10~4 Torr) are needed. The ultimate goal is to com-
bine the conclusions from both approaches in order to obtain a microscopic picture
of this important chemical process.

The present work follows along this second way and is mainly concerned with
the chemical characterization of the surface region of industrial catalysts and their
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eventual modification under reaction conditions as well as with the identification of
the nitrogen-containing species which may be formed during the interaction with
the reactants. This information was obtained by the use of X-ray photoelectron
spectroscopy (XPS). In situ analysis of the composition of the gas atmosphere by
means of a mass spectrometer demonstrated the activity of the used catalysts
through their ability to establish the thermodynamic equilibrium between the react-
ants and the product.

2. Experimental

The experiments were performed with a modified commercial XPS apparatus
(Vacuum Generators, ESCA 3). The experimental setup is illustrated schematically
by fig. 1. The spectrometer chamber is equipped with a X-ray source (Al Ka and
Mg Ka) and a hemispherical energy analyser and can be isolated from the prepara-
tion chamber by a Viton-sealed valve. Chemical treatments of the samples are per-
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Fig. 1. Experimental apparatus (schematic): 1 spectrometer chamber, 2 preparation and reaction
chamber, 3 Xray source, 4 quadrupole mass spectrometer, 5 ion pump, 6 oil diffusion pumps
with baffles, 7 rotary pumps, 8 argon ion gun, 9 ionization gauge, 10 Pirani gauge, 11 high pres-
sure manometer, 12 Viton sealed gate valve, 13 leak valves, 14 gasinlet valves, 15 shut-off valves.
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formed within the preparation chamber at pressures up to 1 atm while the spec-
trometer chamber is held under UHV conditions. The sample is mounted on a ma-
nipulator which allows transfer from the preparation into the spectrometer section
and heating up to about 400°C. The temperature is measured by means of a chro-
mel—alumel thermocouple. The X-ray source was operated with a stabilized elec-
tron current of 20 mA at an acceleration voltage of 12 kV. All spectra were recorded
with the Al source (hv = 1486.6 eV).

High purity gases were introduced through leak valves. The pressure was measured
with a membrane manometer which was compatible with UHV conditions (Kontron
P20X + UMS80, 0.5 to 1000 Torr), a Pirani gauge (0.05 to 1 Torr) as well as with an
jonisation manometer (10-10—-10-2 Torr). Partial pressures could be recorded with
a quadrupole mass spectrometer (Vacuum Generators Q7) which was attached
through a variable leak valve and was pumped through a bypass line.

The samples were industrial ammonia catalysts from BASF and Haldor Topsde.
Suitable pieces were mounted on the manipulator by means of thin tungsten wires.

3. Results and discussion
3.1. Characterization of the catalyst surfaces

XPS may be used for qualitative as well as quantitative analysis of the elemental
composition of the surface region. The depth probed by this technique depends on
the kinetic energies of the photoemitted electrons and is roughly about 10—20 A,
whereby of course the topmost atomic layers contribute more strongly to the ob-
served intensity [16]. Quantitative analysis was achieved by the use of tabulated
(experimental and theoretical) ionisation cross sections for the corresponding levels
of the various elements [17]. The data concern the weighted average of the compo-
sition in the surface region across the probing depth of the technique and have to
be considered at best as semi-quantitative values reflecting the trends of surface segre-
gation if compared with the bulk composition. No attempt was made to extract
more precisely the actual composition of the topmost atomic layer from these data
since it is well known that the various constituents are in a non-uniform lateral dis-
tribution over the surface over which the large diameter of the X-ray excitation
source averages. More detailed and qualitative information would be obtained by
the use of scanning Auger electron spectroscopy in connection with depth profiling
by means of noble gas ion sputtering.

Fig. 2 shows a typical spectrum over a limited energy range from a non-reduced
catalyst (BASF S 6--10) exhibiting the presence of various elements. Not shown are
the peaks originating from O and C which are the constituents with the highest con-
centrations. Table 1 compares the approximate compositions of the surface regions
of various unreduced catalysts with the nominal bulk composition of one of the
samples. Carbon is considered as a surface impurity partly arising from contact of
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Fig. 2. Section of a typical spectrum from an unreduced catalyst (BASF S 6-10).

the sample with air and oil vapours from the pumping system and is not taken into
account for the evaluation of the “true” composition. The concentration of Fe as
the catalytically active component is surprisingly low, whereas potassium and alu-
minjum (which act as promotors) appear to be strongly enriched at the surface. The
composition varied sometimes appreciably between different catalysts and even be-
tween different pieces from the same charge indicating the existence of strong in-
homogeneities even over macroscopic dimensions. The qualitative features, however,
were in all cases rather similar.

Commercial ammonia catalysts are usually supplied in the unreduced form but
also as samples where the oxide constituents have been partly reduced. The latter
need only rather short reduction treatment within the synthesis plant in order to
become catalytically active. The partly pre-reduced catalysts were found to exhibit
usually a qualitatively rather similar surface composition as the non-reduced sam-
ples. Typically they exhibited a higher Fe and a lower C-content. Sometimes the
outmost oxide layer was rather thin which became evident from the identification
of small amounts of metallic iron. (The possible distinction between Fe in its oxi-
dized and metallic form will be outlined below.)

Table 1
Compositions (in at. %) of the surface regions of various unreduced doubly-promoted Fe catalysts

and the bulk of the BASF S 6-10 catalyst

Element ' Al Na K Fe 0 Ca Si Ci

Concentration

in the surface  6-10 <1 6-20 1-6 50-70 1-5 =2 0.5-35
region (%)

Concentration

in the bulk (%) 2 0.35 40.5 532 1.7 025

(BASF S 6-10)
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Three different samples were reduced with N, /H,-mixtures within the vacuum
system. The N, :H, ratio varied between 1:2 and 1:3. The total pressure was about
600 to 700 Torr, and the reduction was performed at temperatures between 350 and
400°C. At different stages the reducing gas was pumped off and the sample analyzed
by XPS. Since during the reduction H,O is formed which in turn may re-oxidize
the surface [18], the composition of the gas atmosphere was carefully analyzed by
the mass spectrometer which was attached to the reaction chamber through a leak.
As soon as H,O became detectable the gas atmosphere was replaced by a fresh
N, + H, mixture. These reduction conditions are quite similar to those applied in
practice [19,20], although the total pressure is then usually higher which is, how-
ever, without importance (see ref. [1], p. 97). A higher temperature would yield
faster reduction, but would also lower the activity since the crystallites could increase
in size more easily [21].

During the reduction procedure appreciable variations of the surface composi-
tion take place which are indicated qualitatively in table 2. A typical example for
the composition of the surface region of a reduced sample (catalyst I1 of sect. 3.2)
is as follows: Fe 15%, K 8%, Ca 7%, Al 11%, Si 2%, Na 2%, O 46%, N 0.5%, Cl 0%,
C 9%. It is remarkable that the concentration of the catalytically active element Fe
increases considerably by the reduction process. In turn the concentration of C is
lowered, and it was observed that the carbon content is the smaller the higher the
Fe concentration. From this observation it is concluded that carbon covers those
parts of the surface which do not contain iron. It is believed that C atoms on metal-
lic iron are reacted off either by hydrogen to CH, or by oxygen to CO.

Variations of the chemical state of the elements during reduction may be fol-
lowed by observing changes of the corresponding core-level ionization (*‘chemical
shifts”). Fig. 3 shows the Fe 2p; /2 beak at various stages of reduction where a very
pronounced effect is observed: With the unreduced sample a broad maximum cen-
tered at 711.3 eV is observed which is identified with the starting material FeAl, 0, +

Table 2
Qualitative changes of the surface compositions by reduction of the catalysts

Elements Variation of surface concentration
Fe Increases by up to a factor 3

K Essentially unchanged

Ca Increases by up to a factor 2-3
Al Increases typically by 25%

Si Essentially unchanged

Na Increases markedly

O Decreases appreciably (as expected)
N Build-up of small concentration
Cl Disappears nearly completely

C Strongly suppressed
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Fig. 3. XPS data of the Fe 2p;,,, level at various stages of reduction: a unreduced sample, b—e
continuous increase of the content of metallic iron, f completely reduced sample.

Fe, 05 [22]. With increasing degree of reduction this peak is decreasing whereas
simultaneously a new one at 706.8 eV is growing up. The latter is identified with
metallic a-Fe which is the only iron species left after complete reduction. Its rela-
tively narrow width, the ionization potentials as well as the chemical shift of about
4 eV agree qualitatively well with the results of earlier studies on the oxidation of
pure Fe into Fe,O3(AE =4.2 eV [23]) and into Fe3O4(AE = 3.5 eV [24]). Slight
differences in the absolute values of the binding energies may be attributed to the
general problem of the reference level, as well as to the “‘paracrystalline” structure
of Fe in the reduced catalysts [25].

Another variation is observed with the O 1s peak whose maximum is shifted from
532.9 eV to 531.4 eV upon reduction. The unreduced sample exhibits only a weak
shoulder at the latter energy. This effect is not solely interpreted as being caused by
the removal of part of the oxygen, since a large portion of the oxygen remains in
the sample. This obvious chemical shift might be connected with the structural trans-
formation, e.g. the disappearance of an ordered spinel structure by reduction of one
of the components. With partly pre-reduced samples the O 1s peak was found at the
beginning at 531.5 eV (sometimes a shoulder at higher binding energies is observed)
and is only decreasing its intensity during further reduction which may support this
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conclusion. Fe304 has a spinel structure, consisting of compact 02— ions, which
form octahedral and tetrahedral interstices. Fe3* ions can be replaced by Al13* ions
to form FeAl,04 without altering the lattice. Upon reduction of the iron ions alu-
minium is structurally transformed into Al,0O3. This hypothesis is supported by the
observation that addition of alumina lowers appreciable the reduction rate of Fe; Oy
[26] which would be difficult to explain if separate particles of Fe;0, + Al,03
would exist.

None of the other cations was observed to exhibit a chemical shift of its core-
level binding energies which indicates that iron is the only element which is trans-
formed into its metallic state by the applied reduction procedure. Another qualita-
tive observation appears to be worth mentioning: If pure iron oxides are reduced
into the metallic state it was found that considerably more rigorous treatments had
to be applied than in the case of the Fe catalysts. This was also the case if a once
reduced catalyst became accidentally reoxidized. This effect is probably due to the
much higher degree of dispersion, but might also be influenced by the presence of
the other components although no explanation for such an effect could be offered
at present.

3.2. Formation of ammonia

The establishment of the equilibrium N, + 3H, = 2NHj3 through the formation
of NH; from N, + H,-mixtures was studied with two reduced catalyst samples,
mainly in order to check that the samples were indeed catalytically active and did
not further change their surface composition even by prolonged operation under
reaction conditions. The second purpose was to demonstrate that reliable data for
the gas composition in a UHV system may be continuously obtained by mass spec-
trometry even if it is operated under atmospheric pressure conditions.

The vacuum system was operated as a batch reactor. The sample was moved be-
hind the closed valve separating the spectrometer chamber from the rest of the ap-
paratus. A H, + N, mixture with varying composition and a total pressure of 700
Torr was introduced and the sample kept at temperatures between 320 and 370°C.
Gas analysis was performed by means of a continuously pumped quadrupole mass
spectrometer which was attached to the reaction chamber through a variable leak
valve. The partial pressures of Hy, N, and NH; were continuously recorded until
over a longer period of time (several hours) no further variation took place. The
data were then considered to represent the equilibrium composition of the gas phase
within the reaction chamber at the given sample temperature. Identical experiments
without the catalysts revealed no detectable formation of NH5 even over very long
periods of time which demonstrated that in fact only the activity of the catalyst was
responsible for the establishment of the equilibrium. On the other hand it was ob-
served that the sample holder (which was always at a higher temperature than the
catalyst) showed some tendency for decomposition of NHj. As a consequence the
equilibrium composition corresponding to the temperature of the catalyst could not
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be reached if the rate of formation was too small. It turned out that this disturbing
effect dominated at sample temperatures below 320°C. Since the equilibrium con-
centration of NH3 drops rapidly with temperature no attempts were made to per-
form measurements above 370°C.

The theoretical equilibrium yields of NHj at give temperatures and N, and H,
pressures were evaluated through the tabulated equilibrium constant Kp = pNH3/

1/2 3/2
pl\{2 p‘1{2 (see ref. [1], p. 21).

The experimentally derived ammonia yields for different conditions are repro-
duced in table 3 together with the corresponding theoretical values. As can be seen
the agreement is (with one exception) fairly good. The experimental values are gen-
erally somewhat lower than the theoretical ones which is due to the above-mentioned
effect that the hot sample holder tends to dissociate the formed NHj. Catalyst I
contained less Fe in the surface region than catalyst II and was therefore less active.
As a consequence the NHj yield determined with this sample at the lowest tempera-
ture (325°C) is too low by 50%. The results demonstrate in general that reliable
measurements of the gas composition can be performed by the applied technique and
that the samples are in fact catalytically active.

After finishing these experiments again XPS data were recorded which demon-
strated that no noticeable changes of the chemical state and composition of the sur-
face region of the catalysts had occurred. A special situation is found, however, with
the N 1s peak which yields information on the surface species formed as will be out-
lined in the next section.

3.3. Nitrogen containing surface species

Several characteristic peak shapes and binding energies of the N 1s level were ob-
served during this work which may be used for an identification of various nitrogen
containing species on the surfaces of the catalysts. In a previous study [10] the for-
mation of surface and bulk nitrides on pure iron was followed by the XPS technique.

Table 3
Experimental and theoretical NH3 vields from N, + H, mixtures at various ratios with a total
pressure of 700 Torr and at different temperatures

Catalyst T(°C) PN, PH, Experimental Theoretical
NH3 yield (%/00) NH; vield (%/00)
1 370 0.38 4.4 52
1 340 0.73 6.7 7.8
I 325 0.46 50 10.8
II 350 0.71 6.7 71
II 335 0.58 9.4 9.3
II 345 0.57 6.7 7.8

I 320 0.55 9.8 11.5
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It revealed that atomic nitrogen exhibits a relatively narrow (2 eV wide) peak at an
ionization energy of 397.8 eV, which is in agreement with other data reported in
the literature [11,13,14,27]. The shapes and ionization energies of the Fe 2p core
levels remained practically unaffected by the nitride formation which indicates a
negligible ionic character of the Fe—N bond.

(i) A quite similar N 1s peak with a binding energy of 397.5 eV was observed if
a well reduced catalyst was operated in a N5 + H, mixture at 350°C for a longer
period of time and if the gas was completely pumped off while the catalyst was still
hot (fig. 4). This species is accordingly identified with atomic nitrogen. An estimate
of its actual surface concentration will be given below. The binding energies of all
the other elements were unaffected by the presence of this species which is rather
strongly held at the surface and disappears only above 400°C. There is strong evi-
dence that the nitrogen atoms are in fact only attached to the metallic iron: The
high bond strength indicates a strong chemical interaction. A loosely bound nitrogen
species on the surface of one of the oxides can therefore be ruled out. If however
one of the other cations would change its chemical state from an oxide into a nitride
one would expect pronounced marked chemical shifts of their core level ionization
energies which is not observed. (By transforming iron oxide into nitride this shift is
in fact of the order of 4 eV!)

(ii) If instead the reduced catalyst is cooled down to room temperature in the
reaction mixture which is only subsequently pumped off N 1s spectra as reproduced
in fig. 5 are recorded. These features are rather broad (about S eV) and exhibit at
least three distinct peaks. One of them is still at 397.5 eV and is again identified
with atomic nitrogen on Fe. The origin of the other two peaks will be discussed later.
Upon heating in vacuo at first the species characterized by a N 1s binding energy
around 400.5 eV disappears at about 100°C (fig. 6). At even higher temperatures
(~200°C) also the species in the 399 eV range is removed and the situation charac-
terized by fig. 4 (only atomic nitrogen) is established.

n N(E) 394:7'5
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Fig. 4. N 1s peak from atomic nitrogen surface species.
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Fig. 5. N 1s spectrum from a catalyst cooled down to room temperature in the reaction mixture,
exhibiting the presence of at least three different nitrogen containing surface species.
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Fig. 6. N 1s spectrum from a sample characterized by fig. 5 after subsequent heating to 100°C
in vacuo.

(iii) If the N 1s level of the pre-reduced catalysts without any further treatment
is recorded one observes only a weak maximum at about 400.5 eV. When the reduc-
tion had been started spectra of the type as reproduced in fig. 7 are obtained which
are similar in shape to fig. 5. According to the Fe 2p peaks these samples contain
most of the iron in the oxidized form. The shoulder at 397.5 eV in fig. 7 is only ob-
served if the catalysts contain already small amounts of metallic iron. This observa-
tion supports again the above conclusion that atomic nitrogen is only attached to
reduced Fe. These prereduced catalysts were clearly smelling of ammonia when re-
moved from the container. This simple test demonstrates that NH; is present on
the surface of these samples. The N 1s peak in the energy range around 400.5 eV is
identified with adsorbed NH3 for the following reason: Grunze [14] reported on a
N 1s binding energy of about 400 eV if a clean Fe(111) surface was exposed to am-



G. Ertl, N. Thiele [ XPS studies with ammonia synthesis catalysts 109

4 NIE)

399

. -E
396 398 400 402 L04 [eV]

Fig. 7. N 1s spectrum from a “‘pre-reduced” catalyst (most of the iron issstill in the oxidized from)

Wwithout any further treatment.

n

monia at 126 K. The non-dissociative character of adsorption could in this case
clearly be demonstrated on the basis of the UPS data from the valence electron re-
gion [7,8]. On the other hand ammonia adsorbed on clean iron either desorbs or dis-
sociates at room temperature [8,9], whereas in the present case it is still stable above
room temperature. This effect together with the observation that this species is even
observed if the catalyst contains no reduced iron at all leads to the conclusion that
the adsorbed ammonia detected in the present study is attached to the surfaces of
the oxide particles rather than to metallic iron.

The remaining species characterized by an ionization energy in the range of 399
eV has to be identified with adsorbed NH and/or NH,. The maximum of this peak
scatters by about 0.5 eV which indicates that in fact a mixture of both species may
be present. Matloob and Roberts [13] suggested that particles with binding energies
around 398 and 399 eV, which were observed as transients during the decomposi-
tion of N,H, on polycrystalline iron, are to be identified with NH,4 and NHz,ad,
respectively. Similar conclusions were reached by Grunze with the system N,H,/
Fe(111) [14]. In a recent study with the system NH;3/Fe(110) adsorbed NH was
identified as predominant intermediate which is stable up to about 150°C where it
dissociates completely [9,28]. Since the 399 eV peak was also observed with sam-
ples which contained almost no metallic iron it is concluded that the NH/NH, spe-
cies may also be formed on oxide surface, in contrast to N4.

The discussed results suggest that under reaction conditions (7 2 350°C) ob-
viously atomic nitrogen is the only surface species which is present in appreciable
concentrations. However, one has to be careful with quantitative conclusions since
spectroscopic measurements may never be performed under pressure conditions as
applied for the reaction. Since adsorbed NH3 and NH/NH, either desorb or disso-
ciate in vacuo at higher temperatures it cannot be excluded that these species are
also present on the surface under the actual pressure conditions during the reaction.

Qualitative information may, however, be obtained on the nature of the rate-
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limiting step under reaction conditions from the following considerations: If the
reaction mechanism is formulated as a sequence of consecutive steps

ky
N, -2 Ng »
ko
Nag +Haq = NHyg
k3
NH,4 +Hyy ~ NH2,ad s

k
NHj ,q +Hyg > NHj ,

the stationary concentration of N4 should be rather small if the first step (i.e. the
dissociative chemisorption of nitrogen) is rate-limiting, but should be close to the
saturation value if this step is faster than the subsequent hydrogenation of the ni-
trogen atoms. Since no nitrogen atoms are lost during pumping-off the gas mixture
at 350°C the afterwards recorded N concentration should reflect the actual situa-
tion under reaction conditions. (By contrast it can even be expected that this amount
still increases due to decomposition of NH3 which is not so quickly pumped off as
N, and H,.)

Analysis of the intensities of the N 1s and Fe 2p peaks revealed an atomic ratio
in the surface region of about N : Fe &1 : 15 which is much smaller than that which
is observed if the same catalyst is saturated with atomic nitrogen (N:Fe =~ 1:4).
From this result it is concluded that in fact chemisorption of nitrogen is the rate-
limiting step for ammonia synthesis from a stoichiometric mixture of N, + H, at a
pressure of about 1 atm and in the temperature range around 350°C. This conclu-
sion is in agreement with the assumed reaction mechanism which is commonly ac-
cepted in the literature [2]. It is also supported by the results of a recent more de-
tailed kinetic study with clean iron surfaces [29]. In this work it was found for ex-
ample that under steady-state conditions at PN, = 150 Torr and 7' = 580 K the sur-
face concentration of atomic nitrogen (as determined by Auger electron spectro-
scopy) dropped by a factor of 3 when the H, pressure was increased from 10 Torr
to 450 Torr.

4. Conclusions

The main conclusions of the present work are:

(i) Unreduced industrial ammonia catalysts contain rather little Fe in the surface
region (if compared- with the bulk composition), whereas Al and K are strongly en-
riched at the surface. Such an effect was already suggested in the earlier literature
by Emmett et al. [30,31] on the basis of indirect information. The XPS data indi-
cate the existence of an iron—aluminium spinel which would agree with the FeAl, Oy
species reported in the literature [22—34].

(ii) Operation of the catalyst in a H, + H, mixture at reaction conditions leads
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to the reduction of iron in its metallic state, together with an substantial increase
of the surface concentration of this element. All the other cations remain in their
oxidized state. Complete reduction into a-Fe is also reported in the literature [35].
According to other papers [25,36] this process takes completely place only if the
Al, O5-content (referred to the concentration of a-Fe) is smaller than 2%. Although
the studied BASF catalyst contained nominally more than 2% Al, 05 there was no
evidence for the presence of Fe in the surface region other than in the metallic
state. The situation might however be different in the bulk which is not probed by
the XPS technique.

(iii) The surface concentration of atomic nitrogen under reaction conditions at
1 atm is rather small which supports the conclusion [1,37] that metallic iron rather
than iron nitride is the catalytically active species. These findings are also supporting
the widely accepted reaction mechanism whereafter dissociative chemisorption of
nitrogen is the rate-limiting step.

(iv) Besides atomic nitrogen adsorbed NH3 as well as NH and/or NH, species
were identified. Ammonia is attached to oxidic parts of the surface whereas the
latter species are reaction intermediates on metallic iron. This result is in agreement
with previous model studies with clean Fe single crystal surfaces [8,9,28] and is of
importance for understanding the mechanism of ammonia synthesis.

References

[1] C.A. Vancini, Synthesis of Ammonia (MacMillan, London, 1971).
[2] P.H. Emmett, in: The Physical Basis for Heterogeneous Catalysis, eds. E. Drauglis and
R.I. Jaffee (Plenum Press, New York, 1975) p. 3.
[3] G. Ertl, M. Grunze and M. Weiss, J. Vacuum Sci. Technol. 13 (1976) 314.
[4] F. Bozso, G. Ertl, M. Grunze and M. Weiss, J. Catalysis 49 (1977) 18.
{5] F. Bozso, G. Ertl and M. Weiss, J. Catalysis 50 (1977) 519.
[6] F. Bozso, G. Ertl, M. Grunze and M. Weiss, Appl. Surface Sci. 1 (1977) 103.
[7] M. Grunze and G. Ertl, Proc. 4th Internat. Vacuum Congr. (Vienna, 1977) p. 1137.
[8] M. Grunze, F. Bozso, G. Ertl and M. Weiss, Appl. Surface Sci. 1 (1978) 241.
[9] M. Weiss, G. Ertl and F. Nitschké, Appl. Surface Sci. 2 (1979) 614.
{10] G. Ertl, M. Huber and N. Thiele, Z. Naturforsch. 34a (1979) 30.
[11] K. Kishi and M.W. Roberts, Surface Sci. 62 (1977) 252.
[12] I.D. Gay, M. Textor, R. Mason and Y. Iwasawa, Proc. Roy. Soc. A356 (1977) 25.
[13] M.H. Matloob and M.W. Roberts, J. Chem. Res. (S) (1977) 336.
[14] M. Grunze, Surface Sci. 81 (1979) 603.
[15] K. Yoshida and G.A. Somorjai, Surface Sci. 75 (1978) 46.
[16] G. Ertl and J. Kiippers, Low Energy Electrons and Surface Chemistry (Verlag chemie,
Weinheim, 1974).
[17] J.H. Scofield, J. Electron Spectry. 8 (1976) 129;
C.D. Wagner, Analyt. Chem. 44 (1972) 1050.
[18] N.P. Kurin, Chem. Abst. 37 (1943) 5560.
[19] S. Brunauer and P.H. Emmett, J. Am. Chem. Soc. 62 (1940) 1732.
[20] A. Nielsen, An Investigation on Promoted Iron Catalysts for the Synthesis of Ammonia
(Gjellerups, Copenhagen, 1950) p. 99.



112 G. Ertl, N. Thiele | XPS studies with ammonia synthesis catalysts

[21] Franklin and Campbell, J. Phys. Colloid Chem. 59 (1955) 65.

[22] R.W.G. Wyckoff and E.D. Crittenden, J. Am. Chem. Soc. 47 (1925) 2866.

[23] L.I. Yin, S. Ghose and I. Adler, Appl. Spectry. 26 (1972) 116.

[24] G. Ertl and K. Wandelt, Surface Sci. 50 (1975) 479.

[25] H. Ludwiczek, A. Preisinger, A. Fischer, R. Hosemann, A. Schonfeld and W. Vogel, J. Ca-
talysis 51 (1978) 326.

[26] N.V. Kobosev, J. Chem. Phys. (Russ.) 8 (1936) 226, 492; Acta Physicochim. URSS 4
(1936) 829.

[27] F. Honda and K. Kirokawa, J. Electron Spectry. 12 (1977) 313.

[28] M. Drechsler, H. Hoinkes, H. Kaarmann, H. Wilsch, M. Weiss and G. Ertl, to be published.

[29] G. Ertl and M. Huber, in preparation.

[30] P.H. Emmett and S. Brunauer, J. Am. Chem. Soc. 59 (1937) 1553; 62 (1940) 1732.

[31] V. Solbakken, A. Solbakken and P.H. Emmett, J. Catalysis 15 (1969) 90.

[32] R. Hosemann, A. Preisinger and W. Vogel, Ber. Bunsenges. Physik. Chem. 70 (1966) 796.

[33] G. Fagherazzi, F. Galante, F. Garbassi and N. Pernicore, J. Catalysis 26 (1972) 344.

[34] F. Garbassi, G. Fagherazzi and M. Calcaterra, J. Catalysis 26 (1972) 338.

[35] H. Topsge, J.A. Dumesic and M. Boudart, J. Catalysis 28 (1973) 477.

[36] V.M. Akimov, Izv. Akad. Nauk SSSR, Ser. Khim. 12 (1963) 2208.

[37] P.H. Emmett, S.B. Hendricks and S. Brunauer, J. Am. Chem. Soc. 52 (1930) 1456.



