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Abstract—The surface composition of a model catalyst for ammonia synthesis based on iron promoted with
aluminum and potassium oxides was investigated by X-ray photoel ectron spectroscopy. The surface was stud-
ied in oxidized, passivated, and reduced states. The redistribution of components on the surfaceis studied inthe
course of reduction in hydrogen and overheating at 700°C. It is shown that a 4-6-mn thick surface layer is
enriched with promoters (K and Al) and impurities (Si), while the concentration of iron is low. Promotion by
potassium and aluminum oxides makes the catalyst more resistant to overheating.

INTRODUCTION

Aluminum and potassium oxides are usual promot-
ers of iron-based catalysts for anmonia synthesis [1].
Earlier, we studied the composition of the surface and
the state of elementsin model iron—potassium oxide [2]
and iron—alumina[3] systems. It was shown that potas-
sium (at an atomic potassium : oxygen ratio of 1 : 1)
after reduction of samples by hydrogen is mainly accu-
mulated on the iron surface, but aluminais distributed
in the bulk and on the surface to form compounds with
FeO. In addition, the surface composition changesfrom
one sample to another over awide range of concentra-
tions. In thiswork, we continued our earlier studies and
analyzed the composition of surface and near-surface
layers of a model catalytic system based on iron pro-
moted by auminum and potassium oxides by XPS. The
chemical composition and the preparation procedure of
this system are close to those of the ammonia synthesis
catalyst and model catalytic systemsinvestigated in [1, 2].

A dgrong influence of promoters on each other is
observed in doubly promoted mode systems based on
iron. Theinfluence of potassum oxide onthesizeof a-iron
crystaliteswasinvestigated by X-ray diffraction in doubly
promoted systems containing 0-1.54 wt % K,O and acon-
stant concentration of Al,O; (2.5wt %) [4]. Inthe samples
with a K,O concentration higher than 0.58 wt %
reduced at 500°C, a considerable growth of crystallite
size was observed. This observation agrees with the
fact that the surface area of the reduced catalyst con-
taining more than 0.58 wt % K,O decreases at a high
reduction temperature [5]. The reason for crystalite
growth was found by analyzing oxidized samples.
Excess K,0O removes Al,O, from magnetite and pre-
vents a solid solution from forming [6]. Thus, K,O
affects the size of a-iron crystallites formed during the
reduction of the doubly promoted catalyst [4].

Anaysis of the surface of a reduced doubly promoted
samplebasad oniron (0.85wt % Al,O; and 0.27 wt % K,0)
by Auger spectroscopy and selective chemisorption
was previously carried out [7]. The concentration of
Al,0O5 on the surface measured by Auger spectroscopy
is much lower than the value obtained from adsorption
data. It was found that potassium and oxygen ions
shield aluminum ions on the surface and the quantita-
tive analysis of the surface by Auger spectroscopy
underestimates the quantity of aluminum ions and the
Al,0; concentration.

Ammonia synthesis from nitrogen and hydrogen
takes place on the surface of a promoted iron melt cat-
alyst. Most likely, only catalyst components located in
the near-surface layer of severa monolayers directly
affect the process. Therefore, an XPS study of the sur-
face may provide interesting results because this
method gives the most important information about the
near-surface layers of solid-phase systems [8]. The
investigation of the surface of samplesin oxidized, pas-
sivated, and reduced states provides information on the
redistribution of components in near-surface layers
during reduction by hydrogen. In industrial plants, the
catalyst for ammonia synthesis is subjected to temper-
atures that are much higher than working temperatures.
Therefore, data on a change in the surface composition
during catalyst overheating are important from scien-
tific and practical points of view. The XPS study of the
surface of catalytic systems treated at high tempera-
tures in reducing media provided information on the
surface composition and the charge state of elementson
activated catalyst surface. It is necessary to take into
account that the treatment of samples and further anal-
ysis of their composition by XPS were carried out in a
spectrometer cell out of contact with an atmosphere.
This makes the data more reliable.
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Fig. 1. XPS spectra of Al2p, Si2s, K2p, Ols, and Fe2ps, obtained with (1) oxidized, (2) passivated, and (3) reduced samples.

In this work, the XPS data on the surface and the
near-surface layers of the model catalytic system con-
sisting of iron promoted with aluminum and potassium
oxides are presented.

EXPERIMENTAL

The samples for the analysis were prepared by the
oxidative melting of carbonyl iron with Al,O, and
K,CO, added. According to the datareported in [9], the
catalytic system had the following chemical composi-
tion (wt %): Fe,0, 57.21, FeO 39.8, K,O 0.76, Al,O,
2.23. The samples were prepared as follows. Severa
grains of melt prepared using the method described
above (the grain size was 4—7 mm) were ground, then
~1 g of the sample consisting of particles with asize of
0.5-1 mm was additionally ground in an agate mortar.
The fina particle size was 520 um. A thin layer of
powder was deposited on a flat surface of a sample
holder, and 1-2 drops of alcohol were added onto the
sample. After the alcohol evaporated, the powder was
fixed on the holder surface by adhesion. The weight of
samples was 30-50 mg. The sample thus prepared for
analyses contained >10° particles. These particles orig-
inated from different melt grainsand, therefore, charac-
terized a certain average chemica composition of the
melt of model catalytic system. Using this method, we
prepared three oxidized samples for analyses.

Minaev and co-workers [9] provided us with passi-
vated samples tested for catalytic activity in ammonia
synthesisin alaboratory high-pressure setup passivated
with nitrogen containing 0.2% oxygen after catalytic
tests[10]. After determining the surface composition of
the passivated samples by XPS, the samples were
reduced in the spectrometer cell. Reduction was carried
out inan H, flow at 10° Pa, a space velocity of 10000 h'!,
and at a stepwise increase in temperature from 20 to
550°C for 3 h. The regime of sample reduction was
closeto that proposed in[9]. Asit was shown, thisregime
leads to the reduction and activation of passivated samples
if the catalyst samples are small (0.6-0.8 g) with agrain
size smaller than 0.5 mm. Reduced samples were evac-
uated and placed into the cell for analysis without a
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contact with an atmosphere. Surface analysis was car-
ried out in a vacuum of 107-108 Pa by XPS method.
The overheating of samplesto 700°C was carried out in a
specid spectrometer cdll in ahydrogen flow for 2 h. Then,
the samples were evacuated and placed into the spectrom-
eter chamber without a contact with atmosphere.

XPS spectra of the samples were recorded using an
Escalab-5 spectrometer. For the quantitative analysis of

the surface, AlK, -radiation (hv = 1486.6 eV) was

used. To determine the vaence state of eements,
Mg Kalyz-radiation (hv = 1253.6 eV) was applied. The

elements on the surface were identified using spectra
(0-1200 eV) recorded using by high-sensitivity scans.
The spectrometer was calibrated using 4f;,-electron
lines of Au (84.0 eV) and 2p;,-electron lines of
Cu (932.6 eV). Sample did not acquire a charge during
analysis. The quantitative analysis of the surface com-
position was carried out using the method described in
[11]. The degree of sample reduction was determined
using the program of spectrum simulation using the
method described in [8] and by calculating the differ-
ence spectrum [12]. The results of experiments
described in [13, 14] were also used.

lon sputtering for the analysis of near-surface layers
was performed by surface bombardment with Ar* ions
with energies ranging from 0.5 to 10 keV. The maximal
beam current was 200 PA, the diameter of theion beam
was 5-10 nm.

RESULTS AND DISCUSSION

Analysis of the samplesin the initial oxidized state
showed that, in addition to the main components (iron,
alumina, and potassium oxide), silicon, oxygen, and
carbon compounds are aways present in a certain
amount on the surface. They come with the material
from which samples are prepared or admixed during
melting adsorption in the contact with an atmosphere.
Figure 1 presents the XPS spectra of lines Si2p, Al2p,
Cls, K2p, Ols, and Fe2p obtained for the samplesin
oxidized, passivated, and reduced states.
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Fig. 2. XPS spectra of Fe2p,3 of the reduced sample: the

solid line corresponds to the experimental spectrum, the
dashed lineisobtained by expanding the experimental spec-
trum into component lines, and the dash-and-dot line is the
sum of the two dashed lines.

The shape and position of the Fe2p;, line showsthat
iron on the surface of oxidized samples exists as Fe?*
and Fe’*. The spectrum of the Fe2ps, line is very
broadened; therefore, the presence of nonstoichiomet-
ric iron oxides is not excluded. Using the shape and
position of the K2p line (E, = 294.7 £ 0.1 V), it is
impossible to determine unambiguously the type of
potassium compound, because the sensitivity of the
K2p line to the nature of compounds is low [15]. A
valueof E, =74 £ 0.1 eV was obtained for 2p electrons
of aluminum. This value is typical of Al,O; [16], but
thisrange of binding energy isalsotypical of aluminum
oxide included in minerals [17]. Silicon is likely
present as SiO, (E, = 153.2 £ 0.1 eV).

Analysis of the shape and position of lines in the
XPS spectra of elementsin passivated samples showed
that, in addition to Fe?* and Fe3*, there is also metallic
ironintheanalyzed layer (~5nm). Thevalue of binding
energy and the shape of K2p, Al2p, and Si2s lines did
not change after passivation.

Relative atomic concentrations of e ements on the surface of
the model Fe-K—AI-O system according to XPS data

Relative concentration
of elements, at. %

Sample state
Fe| K | Al | Si 0]
Oxidized sample 11.0|11.1| 55| 25 |67.9
Passivated sample 11.4| 4.5|13.0| 1.0 |69.0
Reduced sample 174| 76|23.4| 2.8 |48.8

Sample reduced and overheat-| 16.3| 2.7(28.4| 2.2
ed at 700°Cfor 2hinH,

Chemical composition
in the bulk

50.4

41.9| 05| 15| - |56.1

The reduction of samples in hydrogen led to about
95% reduction of iron to metal in the layer under anal-
ysis. The rest of theiron probably exists in the form of
oxide bound with aluminum oxide [3]. Figure 2 pre-
sents the result of expanding the XPS line Fe2p;),
obtained for this sample. The binding energy and the
shape of K2p, Al2p, and Si2s lines did not change after
reduction.

Figure 1 shows that the XPS spectrum of Ols line
obtained for oxidized, passivated, and reduced samples
is very broad and cannot be expanded into lines corre-
sponding to oxide states of iron, potassium, auminum,
and silicon, as well as to adsorbed states of oxygen-
containing compounds like H,O, CO, CO,, or cthers.

Quantitative analysis of the surface composition
showed only small deviation of the relative atomic con-
centration of elements on the surface from one sample
to another. The table presents the data averaged for
three samples, as well as the chemical composition of
the bulk. Carbon present on the surface of initial oxi-
dized and passivated samples in the form of adsorbed
hydrocarbons was considered as a surface contaminant
and was not taken into account in the quantitative anal-
ysis of surface composition. Silicon dioxide found on
the surface of the samples is aso an impurity and in
pour opinion should not affect considerably the results
of the surface analysis because its relative concentra-
tion israther low.

First, it is necessary to note that the bulk and surface
compositions differ from each other. The surface is
enriched with promoters and impurities. This leads to
the reduction of iron concentration in the near-surface
layer. According to the chemical composition, the K/Fe
and Al/Fe ratios are of an order of 102, whereas the
concentration of potassium on the oxidized sample sur-
face amost coincides with the iron concentration, and
aluminum concentration is~50% of iron concentration.
Stoichiometric calculations for oxidized (and passi-
vated) samples were not carried out because of the high
concentration of adsorbed oxygen compounds on the
surface.

The sample reduction carried out before the cata-
Iytic tests and further passivation led to the redistribu-
tion of components in the near-surface layer. That is,
the aluminum concentration on the surface increased
by more than afactor of two. Thisresulted in adecrease
in the potassium concentration. Most likely, thisis a
consequence of an increase in the sample surface area
during reduction by hydrogen [9]. Thisled to the redis-
tribution of potassium compounds and, therefore, to a
decrease in its concentration in the analyzed layer.

It can be see from the table that the reduction of pas-
sivated sample by hydrogen led to the additional redis-
tribution of components in the near-surface layer. The
concentration of iron and promoters in the layer
increases due to the desorption of oxygen-containing
compounds from the surface. However, the ratios of
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Fig. 3. The composition of the surface of the reduced sample
asafunction of the duration of etchingwith Ar* ions: (1) Fe,
(2 0, (3 Al, (4 K,and (5) Si.

iron, potassium, and aluminum concentrations on the
surface remain the same as for passivated samples.

It has been found earlier that the potassium-to-oxy-
gen ratio on the surface of reduced ironiscloseto1: 1
[2]. The balance calculation of oxygen using data on
elemental concentrations on the surface of the reduced
sample gives the following value of the surface oxygen
concentration (in at. %):

7.6(K,0) + 23.4 x 1.5(ALO;) + 2.8 x 2(Si0,) = 48.3.

The difference from the experimental value of oxy-
gen concentration is 0.5 at. %. Because iron is reduced
to metal incompl etely, this difference can be associated
with a compound of iron with oxygen. This is rather
probable in the presence of alumina.

It follows from the data presented in the table that
the overheating of samples to 700°C also leads to the
redistribution of components on the surface of the cat-
alytic system. It is known that the overheating of cata-
lystsfor ammoniasynthesisleadsto their sintering and,
asaresult, to adecreasein their surface area[8]. There-
fore, the results can be explained asfollows. A decrease
in the surface area should lead to an increase in the rel-
ative concentration of promoters on the surface. How-
ever, only the concentration of auminum oxide
increases, whilethe relative concentration of potassium
compound on the surface decreases significantly. Most
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probably, this is explained by the desorption of potas-
sium compounds from the surface in this case and by
concentrating aluminum oxide on the remaining sur-
face. Note that this catalytic system (judging from
changes in surface composition) is more resistant to
overheating than two catalytic systems investigated
earlier, which contain only one promoter [2, 3].

Analysis of the near-surface layersin the model sys-
tem was carried out using ion sputtering of the surface.
The results are presented in Fig. 3. A considerable
decrease in the potassium concentration during the first
30 s of ion etching of the catalyst surface is accompa-
nied by an increase in the iron and silicon concentra-
tions. This confirms that a potassium compound par-
tially covers the surface of iron and silicon oxide by
nearly a monolayer. Then, an intensive sputtering of
aluminum and silicon oxides located on the surface of
iron crystallites begins. At the sametime, the sputtering
of potassium compound continues. The latter processis
probably related to the removal of aluminum and sili-
con oxides from the surface and accompanied by an
increase in the iron concentration on the surface. After
the removal of promoters and contaminants from the
surface of iron crystallites (the thickness of thislayer is
2—4 nm), the composition of the surface does not fur-
ther change during etching.

CONCLUSION

Thus, we showed in this work that the composition of
near-surface layers accessble to XPS analysis (4-6 nm
thick) differs dramatically from the bulk composition.
The surface is enriched in promoters and impurities,
but the iron concentration on the surface is relatively
low. The iron concentration on the surface is most dra-
matically affected by auminum oxide. Under the
experimental conditions, iron is reduced to metal by
94-98%, and the rest of it remained in the form of
oxides. The promoting effect of aluminum and potas-
sium oxides on iron makes the catalytic system more
resistant to overheating compared to similar catalytic
systems with only one of the promoters.
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