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In attempts to fabricate model systems of Fe-containing aluminosilicates, we studied the incorporation
of iron into silicate and aluminosilicate bilayer films grown on Ru(0001). Structural characterization was
performed by low energy electron diffraction, X-ray photoelectron spectroscopy, infrared reflection-
absorption spectroscopy and scanning tunneling microscopy. The experimental results show that even at
low concentrations Fe does not randomly substitute Si(Al) cations in the silicate framework, but segregates
into a pure silicate (aluminosilicate) phase and an Fe-silicate phase which is formed by an FeO(111)-like
layer underneath a silicate layer. At high Fe/(Si + Al) molar ratios, the resulting films showed two phases
depending on the annealing temperature. In both phases, the surface exposes a silicate layer and the
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bottom layer is dominated by FeO. The Al ions seem to be present in the bottom layer at relatively low
oxidation temperatures, but segregate as alumina clusters at the surface at higher temperatures. The
DOI: 10.1039/c6cp03460h results suggest that the formation of in-frame Fe species in silicalites and zeolites is thermodynamically

unfavourable. This study provides further steps towards the rational design of model systems for studying
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1. Introduction

Recent progress in the preparation of thin silicate and alumino-
silicate films on metal substrates opened new possibilities for
experimental and theoretical studies of surface chemistry on very
complex materials like zeolites and clays."® Ultrathin silicate
films are formed by one and/or two layers of corner-sharing SiO,
tetrahedra like in phyllosilicates. In aluminosilicate films, Al
substitutes Si in the silicate framework.” In contrast, the silicate
films modified by Fe showed structural similarities to clay
minerals (e.g. nontronite). More specifically, the Fe-silicate film
is composed of a single silicate layer on top of the FeO(111)-like
layer, which is, in turn, bonded to a Ru(0001) surface.” Basically,
the same picture has recently been observed for Ti-silicate films
as well.®

The reactivity of clay minerals and zeolites is often controlled
by transition metal(s) present in the system. For example,
Fe-containing zeolite ZSM-5 is recognized as a promising catalyst
for phenol production by gas phase oxidation of benzene,
although the nature of active species in zeolites remains con-
troversial owing to a variety of Fe coordination, both in and out
of the aluminosilicate frame, and their clustering.’™® Also in
clays, the oxidation state of structural Fe is known to have a
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surface chemistry of a wide class of layered minerals.

great impact on their surface chemical properties.’”*® Finally,

aluminosilicates in general, and zeolites in particular, are used
as anti-corrosion coatings for various applications.'®?° However,
to date, “surface-science” studies on such complex materials are
scarce, primarily due to the lack of model systems suited for
the facile application of surface sensitive techniques. Previous
attempts to grow aluminosilicate (zeolitic) thin films primarily
used hydrothermal synthesis.*! The prepared films had thick-
nesses of about several hundreds of nanometers, showed no
long-range order and were polycrystalline and/or granular
in nature.

In this work, we performed a comparative study of iron
interaction with silicate and aluminosilicate bilayer films, pre-
viously studied in our laboratories in detail, aiming at the pre-
paration of well-defined model systems that would allow us to
elucidate possible atomic structures and chemistry of Fe-containing
aluminosilicates. Structural characterization was performed by low
energy electron diffraction (LEED), X-ray photoelectron spectroscopy
(XPS), infrared reflection-absorption spectroscopy (IRAS) and
scanning tunneling microscopy (STM).

2. Methods and materials

The experiments were carried out in an ultrahigh vacuum (UHV)
chamber equipped with a LEED (from Omicron), an XPS (with a
Scienta SES 200 hemispherical analyser), an IRAS (Bruker i66vs)
and a STM (Omicron). The Ru(0001) crystal (99.99%, from MaTeck)
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was mounted on an Omicron sample holder. The temperature
was measured using a Type K thermocouple spot-welded to the
edge of the crystal.

The clean Ru(0001) surface was obtained by repeated cycles
of Ar'-sputtering and annealing to 1300 K in UHV unless no
contaminations were detected by XPS. Then the surface was
pre-covered with a 30(2 x 2)-layer by exposing to 3 x 10~ ° mbar
0O, at 1150 K for 5 min and cooling to 500 K prior to pumping
oxygen out. Silicon was vapor-deposited onto the O/Ru(0001)
surface at ~100 K in 2 x 10”7 mbar O,. For the preparation
of Fe- and Al-containing films, Fe and Al were sequentially
deposited after Si deposition at 100 K. For all films, the sum of
the molar amounts of Si, Al and Fe was equal to the amount of Si
necessary to prepare the bilayer silicate film as observed using
XPS and IRAS. After low temperature deposition, final oxidation
was performed in 3 x 10~ ° mbar O, at elevated temperatures as
indicated in the text.

The XP spectra were referenced by setting the Au 4f;/, level
to 84.0 eV measured on a clean gold foil. The IRA spectra were
recorded using p-polarized light at a grazing angle of incidence
of 84° (resolution 4 cm ™). STM images were obtained at room
temperature using Pt-Ir tips under tunnelling conditions as
indicated in the figure captions.

3. Results and discussion

In order to prepare Fe-containing (alumino)silicates, two
different approaches may be envisioned. The first one includes
Fe deposition on top of the prepared silicate film. The second
preparation uses co-deposition of Fe and Si (+Al) atoms followed
by oxidation under the conditions, at which pure silicate films
are usually formed.

We first examined the interaction of Fe atoms with a silicate
bilayer film. Deposition of 1 ML (1 ML = 8 x 10" at. per cm?) of
iron at low temperatures (~100 K) showed only small changes
in the IRA spectra (which are characterized by the main band at
1296 cm™ ", originated from asymmetric vibrations of Si-O-Si
bonds linking two silicate layers in the bilayer, and another less
intense band at 692 cm ™' corresponding to bending vibrations
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of “in plane” siloxane bonds parallel to the film surface).’> We
also used adsorbed CO and N,O as probe molecules in attempts
to detect Fe atoms at the film surface. However, the adsorption
experiments could not reveal Fe-related features in a conclusive
manner, since small spectral changes could, in principle, be
assigned to Fe partially adsorbed in holes exposed on the sub-
strate which are present in all samples to a certain extent. On the
other hand, XP spectra revealed a considerable shift of both Si 2p
and O 1s core levels by ~ 0.8 eV to higher binding energies, which
was even observed upon Fe deposition at low temperatures (see
Fig. S1 in the ESIt). Such a shift has been associated with changes
in the work function of a metal substrate that, in turn, affects the
alignment of the Fermi levels in the sample and the analyser.”>**
The IRAS and XPS results suggest that the Fe atoms readily
migrate through the film and adsorb on a metal substrate,
basically in the same manner as previously shown both theore-
tically and experimentally for Au and Pd atoms.**

When the Fe containing sample was subsequently oxidized
at ~800 K in oxygen ambience (~10~7 mbar), the vibrational
bands of the silicate bilayer totally disappeared, and the broad
asymmetric band peaked at ~1245 cm™' appeared, which is
characteristic of three-dimensional silica structures®*’ (Fig. 1a).
STM inspection of the resulting films (Fig. 1b) showed randomly
dispersed nanoparticles about 1 nm in height indicating that the
films do not share the bilayer structure anymore and become, in
essence, poorly defined. In particular, it is difficult to judge,
whether the imaged particles are silica or iron oxide or both,
and whether they are located on top of the silica film or directly
bonded to a metal surface.

Therefore, in the following preparations we only used a co-
deposition method to incorporate Fe into silicate frameworks.
For a direct comparison, we first investigated Fe-silicate films
prepared in the same way as described previously,” i.e. Fe and
Si were deposited at low temperature and then oxidized at
~1100 K in 10~® mbar of O,. At low Fe:Si molar ratios (<1),
the film separates into pure silicate and Fe-silicate phases. The
latter is formed by a silicate layer placed on top of an FeO(111)-
like layer, thus giving rise to an additional IRA band at 1003 cm ™"
(Fig. 2a) assigned to the asymmetric stretching vibrations of the
Si-O-Fe bonds.
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Fig. 1 (a) IRA spectra of a pure silicate bilayer film on Ru(0001) and after deposition of 0.4 ML Fe at ~100 K and heating to 800 K in 10~ mbar of O,.
(b) Room-temperature STM image of the resulting film (tunneling parameters: bias 2 V and current 0.1 nA).
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Fig. 2 (a) IRA spectrum of an Fe-silicate film on Ru(0001) prepared at
1150 K. (b) High-resolution STM image (bias 1.5 V; current 0.16 nA) shows
both pure and Fe-silicate surfaces. The latter is characterized by a strong
Moiré e pattern clearly seen in the right portion of the image. To visualize a
very weak Moiré-like modulation on the pristine surface, part of the image
is presented with the enhanced contrast. The inset shows the LEED pattern
(70 eV). The unit cell is shown. (c) Schematic representations of the pure
silicate film on Ru(0001) forming a (2 x 2) structure (on the left) and of the
Ru(0001)-(10 x 10)R30° coincidence structure formed by the 30°-rotated
hexagonal layer with a lattice constant of 5.22 A (on the right). The latter
matches well the STM image. The corresponding superstructure cells are
marked by the dashed lines.

The phase separation is directly observed by STM (Fig. 2b),
as the Fe-containing areas showed a Moiré pattern and were
apparently higher with respect to the adjacent Fe-free surface,
by about 0.7 A, albeit depending on tunneling conditions. The
height difference seems to be a pure electronic rather than a
geometrical effect. Both, pure silicate and Fe-silicate, phases
show a honeycomb-like structure with the same periodicity
and azimuthal orientation. As observed from the LEED pattern
(shown in the inset in Fig. 2b), the lattice constant of the
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Fe-silicate phase is smaller (~5.25 A) than that of the pristine
silicate bilayer film (5.42 A, i.e. Ru(0001)-(2 x 2)), and the unit
cell is rotated by 30° with respect to the Ru(0001) surface lattice.
In principle, any rotation of a hexagonal layer over a (111) metal
surface should result in coincidence superstructures, with the
long-range periodicity depending on the lattice mismatch and
the rotation angle. In fact, the Moiré fingerprints are often used
to refine the lattice constants of an overlayer if the latter could
not be directly measured. It is easy to show that the rotation
of a silicate layer with the a lattice constant of 5.42 A by 30°
over Ru(0001) will lead to a Ru(0001)-(7 x 7)R30° coincidence
structure. Accordingly, reducing the lattice constant to 5.22 A,
as suggested by LEED, results in a Ru(0001)-(10 x 10)R30°
superstructure, both schematically shown in Fig. 2c. Note that
a pure FeO(111) film grown on Ru(0001) forms a Ru(0001)-(8 x 8)
structure.>®

Following these considerations, one should observe the Moiré
pattern on the Fe-free, pure silicate surface as well. A closer look
at the STM images of the areas between Fe-containing patches
revealed, indeed, a long-range surface modulation, albeit of a
very weak contrast (see Fig. 2b), that nicely fits the Ru(0001)-
(10 x 10)R30° structure. Slight deviations from a perfect Moiré
picture can readily be assigned to the O atoms residing on
Ru underneath the film. The fact that the modulation amplitude
is very low, in the range of few pm only, further supports the
conclusion of the weak interaction between the bilayer silicate
film and the Ru(0001) surface.>** Accordingly, a much larger
amplitude observed on the Fe-modified surface points to its
stronger interaction with a metal substrate through the for-
mation of the Fe-O-Ru bonds accompanied by charge transfer
from the metal.”

Analysis of large scale STM images showed that the Moiré
protrusions on the Fe-silicate surface were well aligned with the
crystallographic directions of the Ru(0001) surface thus following
the structure scheme in Fig. 2c. In some cases, however, the
Moiré pattern was found to be slightly (by 2-5°) rotated with
respect to that on the pure silicate, as one can also see in
Fig. 2b. The coexistence of several long-range superstructures is
not surprising for ultrathin films. To some extent, such structural
diversity is similar to the case of FeO(111) films grown on Pt(111),
where the formation of slightly different superstructures was
proved by spot profile analysis LEED.”” It seems plausible that
the ultimate orientation of an Fe-silicate film on Ru(0001)
depends on the preparation conditions and is a delicate
balance between relatively strong interaction with the metal
surface underneath and certain stiffness of the Si-O bonds in
the resulting frameworks. It remains unclear, however, why the
entire film is rotated by 30° with respect to Ru(0001), whereas
the pure crystalline silicate films form an unrotated (2 x 2)
structure (Fig. 2c).

Now we address the preparation of Fe-containing alumino-
silicate films. To recall, the aluminosilicate films are character-
ized by an IRA band at 1290-1270 cm™ ' (depending on the
Al: Si molar ratio),” i.e. red-shifted when compared to a pure
silicate. In the aluminosilicate films, LEED shows a sharp
(2 x 2)-Ru(0001) pattern suggesting a high degree of crystallinity
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Fig. 3 Structural characteristics of the Feg 25Alg 20Si0 5502 film prepared at
1150 K. (a) The IRA spectrum. The dashed line shows the spectrum of the
pure aluminosilicate Alg 35Si0.650> film for comparison. (b) LEED pattern at
70 eV. The coexisting two unit cells are shown. (c and d) Large-scale and
high-resolution STM images. Both structures show honeycomb-like lattices
which are rotated by 30° with respect to each other. Tunneling parameters:
0.75V and 0.24 nA (c); 0.7 V and 0.3 nA (d).

as confirmed by STM. In the following experiments, the Al/Si
molar ratio determined by XPS was kept around 1/3. At such
(and even lower) ratios, Al primarily substitutes Si in the bottom
layer, most likely to overcome charge imbalance caused by the
Si**-to-AI** substitution.

We first discuss the results obtained for the films with an
average composition Feg »5Alg,Sig 550,, i.e. at relatively low Fe
loading, Fe/(Si + Al) = 1/3 (the results at a lower amount of Fe
differ solely in the signal intensity in IRA spectra and coverages
measured by STM). Fig. 3a compares IRA spectra of the pure and
Fe-containing aluminosilicate films. The band at 1277 ecm™*
bears close similarities to that of pure aluminosilicate films,
whereas the 1008 cm ™" band is very similar to the one previously
obtained for the Fe-silicate films (Fig. 2a). Accordingly, LEED
patterns (Fig. 3b) revealed (2 x 2) spots as in pure alumino-
silicate films, and the Moiré structure previously observed for
pure Fe-silicate films (see the inset in Fig. 2b). These findings
suggest that Fe-containing aluminosilicate films at low Fe
concentrations separate into two phases, which are, in essence,
aluminosilicate and Fe-silicate.

These two phases are clearly distinguishable in the STM
images (Fig. 3(c and d)). The areas showing an atomically flat
honeycomb-like structure are virtually identical to those obtained
on pure aluminosilicate films.>?® The second phase, which
appears brighter on the same terrace, shows a long-range
periodic pattern, although not perfectly ordered if prepared
by oxidation at 1150 K. The corresponding hexagonal unit cell is
rotated by 30° with respect to the surrounding aluminosilicate
phase, in full agreement with the LEED results, and as such can
be assigned to the Fe-containing phase.

25030 | Phys. Chem. Chem. Phys., 2016, 18, 25027-25035
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Fig. 4 Comparison of (a) IRA spectra and (b) LEED patterns (all at 70 eV) of
the Feg 25Alg 2Si0 550> film stepwise annealed in 10~¢ mbar O, at indicated
temperatures for 10 min each. The unit cells in LEED are shown. STM
images of the sample oxidized at 1230 K (c) and 1250 K (d). Tunneling bias
0.6 V and current 0.28 nA (c); 1.5 V and 0.05 nA (d).

The film becomes better ordered upon further oxidation in
10~° mbar O, at higher temperatures (in this case, at 1230 K for
10 min). All diffraction spots are considerably sharper (Fig. 4b).
Also the STM image in Fig. 4c shows that the Fe-containing area
exhibits a much better ordered superstructure. Concomitantly,
the IRA band at 1008 cm™ ", associated with the Fe-containing
phase, shifts to 998 cm ™' and becomes narrower (Fig. 4a). The
band associated with the pure aluminosilicate phase slightly
shifts to a higher frequency (1280 cm™ ") and gains some intensity.
Upon further increasing the oxidation temperature to 1250 K, all
Fe-related features in IRAS, LEED and XPS vanish so that the
resulting film becomes virtually identical to a pure aluminosilicate
film. Note, however, that STM images of the latter surface (Fig. 4d)
revealed a high density of tripod-shaped protrusions randomly
distributed on crystalline domains, which are separated by anti-
phase domain boundaries.

In attempts to identify the distribution of Al and Fe atoms in
these films, we performed adsorption of water which, in the
case of aluminosilicate films, results in silanol (Si-OH) and/or
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Flg 5 IRA spectra of Feo_25A10_205i0_5502 (red) and Feo_25sio_7502 films (black)

after hydroxylation with D,O.

bridging hydroxyls (Si-OH-Al), the latter being only formed,
if Al is present in the top silicate layer.>® To hydroxylate the
films, the samples were first exposed to 10~ ® mbar of deuterated
water (D,O) at low temperature (~ 100 K) to form an ice-like film

Fig. 6 STM images of the hydroxylated Feg »5Alp 2Sin 550> film prepared at
1230 K prior to the water adsorption. (Tunneling parameters: bias 1.5 V and
current 0.04 nA). Image (a) reveals hydroxyl species (as bright protrusions)
formed exclusively on Fe-modified areas. White circles mark a few larger
protrusions tentatively assigned to geminal silanols. Outlined by rectangles are
tripod species imaged in Fig. 4d prior to water adsorption. Image (b) shows
that the OH-related protrusions are located on top of a Si atom in the
hexagonal silicate layer (three hexagons are shown, for clarity).
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and then heated to 300 K to desorb the unreacted water.>® Fig. 5
compares the IRA spectra obtained on the Fe-silicate Fe »5Siy 7504
and the Fe-aluminosilicate Fe ,5Al,,Siy 550, films. Both spectra
show a band at 2764 cm ™" assigned to 1(OD) stretching vibrations
in terminal silanols.”>*° However, the intensity of the band
substantially (by a factor of ~5) increases, if Al is present in
the film.

The hydroxylated Fe-aluminosilicate films were further
examined by STM. Similar to our previous studies on hydroxyl-
ated monolayer silicate films,>* STM images (Fig. 6) revealed
isolated atomic protrusions of ~ 1 A in height, which were missing
at the sample before water adsorption, and thus assigned to OD
species. Those appeared only on the Fe-containing domains.
Moreover, registry analysis (Fig. 6b) revealed that the protrusions
are located on top of the Si atoms in the silicate layer and as such
can be assigned to isolated silanols, identified by IRAS. A few
considerably larger protrusions observed in these images (marked
by circles) may tentatively be assigned to other OD groups, for
example, geminal Si-(OD), silanols.

In principle, a low density of silanols observed in the Fe-silicate
films is consistent with the proposed structure model, where Fe
is preferentially located in the bottom layer, and the surface
is terminated by almost a perfectly ordered silicate layer.”
Hydroxylation both on pure silicate and Fe-silicate films occurs, in
essence, only on structural defects.”® However, if the Fe-containing
domains in the Fe-doped aluminosilicate films were fully identical
to the Fe-silicate phase, one should expect to see the same (weak)
response to water, which is apparently not the case. Therefore, a
considerable enhancement of silanol density on the Fe-containing
domains points to the fact that the silanols are likely to form on
certain sites which are modified by Al atoms present in the
bottom FeO layer as an “impurity”. Fig. 6 also shows that the
silanols are distributed not randomly, but in the close vicinity of
the depressed spots, which form a periodic long-range structure
(see also Fig. 4c). It appears that the hydroxylation occurs on
specific sites within the coincidence superstructure. Noteworthily,
the tripod species outlined by rectangles in Fig. 6a appear virtually
identical to those in original films (Fig. 4d), thus suggesting that
they are, in essence, inert towards water.

TTTTTTTTTTTTTTTYT TTTTTrTTTT TTTTIrrrrTresT T TTTTTTTTTTT

1100 1000 900 800

Wavenumber (cm™)

1300 1200

Fig. 7 IRA spectra of the FeqsAlp13Si0.370; film prepared by annealing in
10~% mbar of O, at temperatures as indicated.
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In the next set of experiments, we studied the Fe-
aluminosilicate films with a considerably higher Fe content
(Feo.5Aly.13S1.370,) such that the amount of Fe is comparable
with the total amounts of Si and Al in the film (Fe/(Si + Al) ~ 1).
After deposition of all three metals at low temperature, the samples
were annealed in 107® mbar of O, at elevated temparatures
for 10 min.

The absence of any spectral feature in the 1250-1300 cm™
region in the IRA spectra (Fig. 7) suggests that, at such high Fe
concentrations, no pure silicate or aluminosilicate phase can
be formed. The two principal bands at ~1035 and ~985 cm ™"
fall in the range typical for an Fe-silicate phase, although both
frequencies somewhat deviate from 998-1008 cm™ ' measured
on films with a low Fe content under similar conditions

1

View Article Online

PCCP

(Fig. 2 and 4). At low oxidation temperature (1050 K), the high
frequency band dominates, whereas at high temperature
(1250 K), the situation turns to opposite. Concomitantly,
the similar changes are observed for bending modes in the
670-690 cm ™' region. The transition is not reversible, i.e. re-
oxidation at low temperature of the film that has been once
oxidized at higher temperature does not result in any further
spectral changes.

In agreement with IRA spectra showing no signals in the
1300-1250 cm ™" region, LEED patterns in Fig. 8(g-i) show no
(2 x 2) spots corresponding to the aluminosilicate phase, which
have, indeed, been observed on films with a low Fe content
(Fig. 4). However, additional diffraction spots emerged, which
can be identified as a (/3 x /3)R30° structure with respect to

Fig. 8 Large-scale (a—c) and high resolution (d—f) STM images, and LEED patterns (g—i) (all at 70 eV) of the Feq sAlg 13Sip.370> films prepared by annealing
in 10~® mbar O, at 1050 K (top row), 1150 K (middle row) and 1250 K (bottom row). The insets in (e and f) show zoomed in images (see the text). The areas
with distinct surface morphologies are labelled | and Il in order to correlate with the IRA bands shown in Fig. 7. Tunneling parameters: (a) 1.5 V and
0.15nA; (b) 2V and 0.1 nA; (c) 1 Vand 0.2 nA; (d) 1V and 0.3 nA; (e) 0.8 V (inset 0.65 V) and 0.1 nA; (f) 0.7 V (inset 0.5 V) and 0.2 nA.
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the Fe-silicate lattice. This new structure is most clearly seen on
samples prepared at 1050 and 1150 K, but disappears upon
oxidation at 1250 K, basically following the evolution of the
1035 cm™* band in IRAS.

Again, in agreement with the IRAS results showing two bands
in the ~1000 cm™" region, STM images revealed two surface
structures, labelled I and II in Fig. 8(a—f). The structure I shows a
hexagonal lattice and a long-range surface modulation as pre-
viously seen on the Fe-silicate surface. This structure dominates
the surface oxidized at 1250 K and must, therefore, be associated
with the 985 ecm ™" band. The structure II also shows a honey-
comb structure (see the inset in Fig. 8e) but on a large scale the
surface is not atomically flat, albeit showing a faint long-range
superstructure under some tunnelling conditions (not shown).
The structure II dominates the surface prepared at 1050 K, and
hence correlates with the 1035 cm ' band. At intermediate
temperatures (1150 K), both structures are equally presented at
the surface.

Yet no surface structure has been identified by STM that can
directly be linked to the (/3 x /3)R30° diffraction pattern. The
latter corresponds to a ~9 A periodicity (=,/3 x 5.22 A). Based
on the LEED and IRAS results, the structure must be associated
with the surface II, which exhibits, however, a too much
corrugated surface to be determined precisely by STM. It seems
plausible that the (/3 x /3)R30° structure observed by LEED
originates from the film/support interface which is not directly
accessible in STM. It is also noteworthy that the structure I
always showed some small clusters on top (Fig. 8f), the density
of which increases at high temperatures. Such species can
tentatively be assigned to the excess of deposited materials that
cannot be accommodated in the bilayer film. In fact, it is
difficult to precisely deposit all three metals in total amounts
to form a perfect film.

To shed more light on the element (Si, Fe, Al) distribution
across the film, we perfomed XPS measurements at normal
and grazing (i.e. more surface sensitive) electron emissions.
A relatively broad O 1s signal in these films was deconvoluted
in three components on the basis of previous studies on Fe-
silicate and aluminosilicate films (Fig. 9).>” The first compo-
nent at ~532 €V is assigned to oxygen atoms in Si-O-Si bonds,
another one centered at ~531 eV to the Si-O-Fe (Si-O-Al)
bonds, and the signal at ~530 eV to Fe-O-Fe bonds. Compared
to the normal emission spectrum, the Si-O-Si associated
component gains considerable intensity at grazing emission.
In addition, some intensity is observed at ~534 eV, the origin
of which remains unclear. The same picture is obtained for the
samples prepared at 1150 and 1250 K (Fig. S2, ESIY). Therefore,
the results suggest that the topmost layer is primarily formed
by the siloxane Si-O-Si network. The conclusion is further sub-
stantiated by water adsorption experiments. The IRA spectra of
the hydroxylated samples only showed the band at 2764 cm ™+
(Fig. S3, ESIY) assigned to terminal silanols, and no bridging
hydroxyls, such as Si-OD-Al and/or Si-OD-Fe commonly
observed in Fe-containing zeolites,*>** were detected. Although
the ©(OD) signal intensity slightly depends on the oxidation
temperature, it is close to that observed for the pure silicate and
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Fig. 9 The normalised O 1s signals in XP spectra measured at normal and
grazing (70°) electron emissions on the Feg sAlg 13S0 370> film prepared at
1050 K. The deconvolution envelope is shown in red.

Fe-silicate films, at variance with the Fe-aluminosilicate samples
with a low Fe content where enhanced hydroxylation was clearly
observed (see Fig. 5).

Therefore, combined together the results for Fe-rich alumino-
silicate films suggest that the films ultimately annealed at high
temperature are Fe-silicate in nature. They show all fingerprints
of the pure Fe-silicate film. This implies that Al, otherwise
substituting Si in the bottom layer in an aluminosilicate film,
is pushed out by Fe that dominates the bottom layer in all Fe-
doped films. Moreover, it seems plausible that small clusters
imaged on top of the well-ordered Fe-silicate surface (Fig. 8f)
are, in fact, alumina clusters that could not be accommodated
in the framework. However, at low oxidation temperatures, it
remains possible that both Al and Fe constitute a “mixed”
bottom layer, thus resulting in less-ordered domains II in STM
images shown in Fig. 8 and blue-shifted IRA bands associated
with Si-O-Fe(Al) bonds.

4. Conclusions

We studied the incorporation of iron into silicate and alumino-
silicate bilayer films grown on Ru(0001). The results obtained
by LEED, XPS, IRAS and STM show that, even at low concentra-
tions, Fe does not randomly substitute Si(Al) cations in the
silicate framework, but segregates into Fe-silicate and pure
silicate (aluminosilicate) phases. The former one is formed
by a silicate layer on top of an FeO(111)-like layer. At high
Fe/(Si + Al) molar ratios, the resulting films showed two phases
depending on the oxidation temperature. In both phases, the
films are terminated by a silicate layer, whereas the bottom
layer is dominated by FeO, more noticeably at high tempera-
tures. Aluminium is probably involved in the formation of a yet
poorly defined bottom layer if prepared at low temperatures
(~1050 K). However, Fe pushes out Al from the bottom layer at

Phys. Chem. Chem. Phys., 2016, 18, 25027-25035 | 25033


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c6cp03460h

Open Access Article. Published on 11 August 2016. Downloaded on 4/2/2026 8:12:31 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

increasing temperatures which, in turn, segregates at the
surface as an alumina cluster.

The results suggest that the formation of “in frame” Fe sites
in zeolites is thermodynamically unfavourable. The results
again highlight the differences between the principal structures
of the Fe- and Al-modified silicate films, which manifest
the known differences between naturally occurring materials.
While octahedrally coordinated iron is commonly found in clay
minerals, tetrahedral iron substituting Si** in silicate frame-
works is a rare case.

The results provide further steps toward rational design of
model systems for studying surface chemistry of a wide class of
layered minerals.
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