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Abstract.

We studied the structure and thermal stability of Pt deposited on a Fe304(001) thin film to
make a comparison with the Pt/Fe304(111) system showing a strong metal-support
interaction (SMSI) via encapsulation. Pt ad-atoms strongly interact with the (V2xv2)R45°
reconstructed Fe304(001) surface and adsorb monoatomically on the “narrow” sites. Metal
sintering sets in only above 700 K, resulting in cuboid Pt nanoparticles exposing primarily
(100) and (110) facets. Concomitantly, CO adsorption on Pt is fully suppressed as a result of
SMSI. The results provided strong evidence that the Pt nanoparticles on Fe304(001) are
encapsulated by an FeO(111) layer in the same manner as observed for hemispherical Pt
particles on Fes04(111). The comparison suggests that the SMSI effect via encapsulation is
insensitive to the surface structure of oxide, although the latter strongly affects the particle

morphology.
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Introduction

Strong metal-support interaction (SMSI),™” often observed for metal particles supported
on reducible oxides, is mostly discussed in terms of encapsulation of the metal by the

oxide.”

Although the encapsulation may, to some extent, be rationalized on
thermodynamic grounds using surface energy considerations, an atomic description of how
a metal particle becomes covered by an oxide is still missing. Another interesting yet poorly
studied issue is whether the SMSI effects are structure sensitive, i.e. dependent on the
surface structure of the oxide support. Indeed, the interaction primarily depends on the
adhesion energy between the metal and the oxide, which is envisioned to depend on the
interface structure. To gain a fundamental understanding of the SMSI effects, model studies
are carried out, in which metal nanoparticles are deposited in a controllable manner on
well-defined oxide surfaces in the form of single crystals or thin films.!®! In particular,
previous studies on Pd/TiOz(110)[4] and Pt/Fe304(111)[5] indicated that the encapsulation
proceeds via mass transport along the surface rather than through the metal particle.

With respect to iron oxides as a typical reducible oxide support, model studies were
primarily focused on the Fe304(111) surface. In particular, our own studies on metal (Au,
Pd, Pt) deposited on Fe304(111) thin films showed the formation of hemi-spherical
nanoparticles exposing (111) top facets.*® 7 To date, only Pt was found to exhibit the SMSI
effect via encapsulation by a FeO(111) single Iayer.[s’ 8l Recently, more work has been
directed toward the Fe304(001) surface following expectations of a large difference in

reactivity when compared to the (111) surface (see, for example, ref. [9]).

[10] Pd[u] [12]

High-resolution scanning tunneling microscopy (STM) studies of Au, and Ag
on the well-defined (V2xV2)R45° reconstructed surfaces of Fe304(001) showed strong
interaction and remarkable thermal stability of the metal ad-atoms. High energy electron
diffraction, transmission electron microscopy, and atomic force microscopy studies of Pt, Au
and Ag films of a few nanometers in thickness on a Fe304(001) substrate revealed certain
epitaxial relationships between the metal and iron oxide depending both on the nature of
the metals and the deposition temperature (470 — 1000 K).[13] The authors concluded that

among the metals studied, Pt is the metal for which the adhesion energy to Fes0, is the

highest, despite having the largest mismatch between the lattice constants when compared



to Ag and Au. (Note, however, that the surface termination of the Fe30,4(001) films grown on
MgO(001) used in this study was not determined).

Magnetite Fes04 has an inverse spinel structure. It is generally accepted that the
Fe304(111) surface is terminated by tetrahedrally-coordinated Fe atoms over the close-
packed oxygen layer (Fig. 1a), although it critically depends on the preparation

[6d, 14]

conditions. In the <001> direction, the so-called “B-layer” termination, consisting of the

mixed octahedrally coordinated iron and oxygen atoms seems to be the most stable over a
broad range of oxygen pressures as predicted by density functional theory (DFT) (Fig. 1b).**!
Although it is well documented that the Fe304(001) surface exhibits a (V2xV2)R45°
reconstruction, its atomic structure remains controversial. Very recently, on the basis of
guantitative low-energy electron diffraction (LEED) and STM studies combined with DFT
calculations, the reconstruction has been rationalized in terms of an ordered array of

subsurface iron vacancies and interstitials.!*®’

e
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Figure 1. Top views and the units cells of the Fe304(111) (a) and (V2xV2)R45°-reconstructed Fe;04(001) (b)
surfaces. The wide (W) and narrow (N) sites in the (V2xV2)R45°-Fe;0,(001) unit cell are indicated.

In this work, we address the nucleation, growth and thermal stability of Pt particles on
the (V2xV2)R45°-Fe304(001) surface and compare the results with those previously obtained
in our laboratories for the Pt/Fes04(111) system which exhibits a classical SMSI effect via
encapsulation as clearly demonstrated by STM and CO adsorption studies. In contrast to the
hemispherical particles obtained for Pt on Fe304(111), the Pt nanoparticles on Fes04(001)
shown here assume a cuboid shape upon annealing at high temperatures. Nonetheless, the

Pt particles become encapsulated by an iron oxide overlayer which is an FeO(111)



monolayer in nature, i.e. in the same manner as on a Fe304(111) support. The results shed

more light on the structure sensitivity of the SMSI effects on Pt-based catalysts.

Results and Discussion

17 pristine Fe304(001) thin films expose wide flat

As reported in our previous paper,[
terraces with few screw dislocations. Figure 2a displays a high-resolution STM image
showing the atomic rows running in the <110> direction characteristic for the (V2xV2)R45°
reconstruction. In addition, defects imaged either as weak depressions or protrusions about
1 A in depth (height) are frequently observed (see inset in Fig. 2a). Both features are located
over the protruding rows which correspond to the octahedral Fe atoms in the topmost

Iayer[loa' 11, 18] (see Fig. 1b). Following Parkinson and co-workers, [10a]

we assign ad-species to
adventitious hydroxyls formed by the reaction with residual gases in our ultra-high vacuum
(UHV) chamber. Accordingly, the depressions could tentatively be attributed to Fe vacancies
in the topmost layer.

Figure 2b shows an STM image after deposition of 0.15 ML of Pt at 300 K (one
monolayer (ML) of Pt corresponds to one Pt atom per (V2xV2)R45° surface unit cell, i.e. 1.4 x
10 at/cm?). Besides the weak OH-protrusions remaining at the surface, two other types of
protrusions are observed, which must therefore be attributed to Pt. The majority of the
additional protrusions are ~2.5 A in height and are located between the Fe-rows. These are
assigned to single Pt atoms in the same manner as for Pd, Au, and Ag. [10a, 12-12] Again, the
registry analysis (Fig. 2c) reveals that the Pt atoms occupy the so-called “narrow” sites on
the (V2xV2)R45°-reconstructed Fe;0,4(001) surface.

Additionally, a few larger protrusions of ~ 6 A in height and ~ 15 A in lateral size are
observed, which are assigned to Pt clusters. The Pt ad-atoms and clusters are found
randomly distributed on the entire oxide surface and show no preferential nucleation on
step edges and screw dislocations. This implies a relatively strong interaction of the Pt
atoms with the (V2xV2)R45°-Fe304(001) surface resulting in limited surface diffusion that, in
turn, prevents Pt agglomeration into the larger clusters. The formation of Pt clusters in our
experiments may also result from adsorption of residual gases (such as CO) as previously

shown for Pd ad-atoms.!*"



Basically, such a nucleation-growth mode remains at increasing Pt coverage up to 1 ML,
where the surface is mostly covered by Pt ad-atoms, although the density of three-
dimensional nanoparticles apparently increases (Fig. 2d). Similar behaviour was previously
reported for the Ag ad-atoms.*? The higher density of nanoparticles observed here for Pt
when compared to Ag may be explained by the stronger interaction of Pt ad-atoms with
residual gas molecules which, in turn, weaken the Pt bonds to the support. Indeed, Au ad-
atoms, as presumably more weakly bound species, showed sintering at considerably lower

coverages.**

Figure 2. STM images of a clean Fe;0,(001) film (a), and after deposition of 0.15 ML (b,c) and 1 ML (d) Pt at 300
K. “Wide” (w) and “narrow” (N) adsorption sites (see Fig. 1b) within the (V2xV2)R45°-Fe;0,(001) unit cell are
indicated in the inset in panel (a). In panel (c), the lines join the wide sites, therefore the Pt ad-atoms occupy
the narrow sites. (Tunneling conditions: (a) bias -1V, current 0.5nA; (b,c) -1V, 0.7nA; (d) -1.5 V, 1 nA).

In the next set of experiments, we examined the thermal stability of the Pt deposits
by stepwise annealing in UHV to elevated temperatures. Figure 3 displays a series of STM

images obtained for 1 ML Pt/Fe304(001). Compared to the “as deposited” sample (Fig. 2d),



UHV annealing at 500 K for 10 min does not cause considerable morphological changes (Fig.
3a), albeit the density of clusters increases. Metal sintering only becomes substantial after
annealing at 700 K (Fig. 3b). The Pt nanoparticles can clearly be recognized, growing both
laterally and in height at the expense of monoatomic species. Further sintering, presumably
via Ostwald ripening, proceeds upon heating to 850 K (Fig. 3c). Ultimately, after annealing at

1000 K, Pt nanoparticles with a cuboid shape dominate the surface (Fig. 3d).

Figure 3. STM images of 1 ML Pt/Fe;0,(001) stepwise annealed at 500 K (a), 700 K (b), 850 K (c), and 1000 K
(d). (Tunneling conditions: bias -2V, current 0.7 nA (a,b); -2 V, 1 nA (c,d)).

The high-resolution STM image in Fig. 4a reveals that the edges of the Pt particles
are oriented along the Fe-rows on the surrounding (V2xV2)R45°-reconstructed surface of
Fe30,4(001). Solely on the basis of these STM images, one can envision that Pt grows in the
(001) orientation parallel to the (001) plane of Fe3Q4 i.e. similar to the epitaxial

relationships reported in ref. [13]

although observed on 2-5 nm-thick Pt films grown on
Fe304(001) at high temperatures. Our previous LEED results for the growth of Fe304(001)

films on a Pt(001) substrate showed that lattice vectors of Pt(001) are oriented along the



lattice vectors of Fe304(001)-(1><1).[17] It is therefore plausible that the same mutual
orientation holds true for the inverse interface, i.e. Pt on an Fe304(001) substrate. This
suggests that the atomic rows on Pt(001) facets run along the Fe-rows on the (V2xV2)R45°-

reconstructed Fe304(001) surface (see Fig. 1b). Based on this and electron microscopy

[13]

diffraction patterns reported in ref. ", we can envision a truncated Pt cuboid particle as

schematically shown in Fig. 4b.

Figure 4. (a) STM image of 1 ML Pt/Fe;0,(001) annealed at 1000 K. The atomic rows of the support are
highlighted in the circle to show the orientation of the particles with respect to the support. (Tunneling bias -
1.5V, and current 1 nA). (b) Schematic representation of the cuboid Pt particles.

Similar annealing experiments performed on 1.5 and 4 ML Pt samples revealed
essentially the same behavior: Sintering sets in at around 700 K, with the progressive
formation of the well-shaped Pt nanoparticles at elevated temperatures. For comparison,
Figure 5 only shows the morphologies of samples annealed to 1000 K. Again, all annealed
particles ultimately showed the cuboid shape. The annealing time needed to reach such a
shape is relatively long, i.e. in the range of 30 min. Figure 5b shows that annealing of 1.5 ML
Pt sample for 10 min resulted in a mixture of hexagonally- and rectangular-shaped top
facets. The latter dominate the surface only after further annealing for 30 min (Fig. 5c). For
the highest Pt coverage studied here (i.e. 4 ML), some template effects could be seen in Fig.
5d, as the cuboid Pt particles form quasi-ordered arrays along the crystallographic directions
of the support. Interestingly, with increasing Pt coverage, the lateral size of the annealed

particles, on average, remains the same, and only the particle density and heights increase.
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Figure 5. STM images and corresponding profile lines of the Pt/Fe;0,(001) samples, all annealed at 1000 K. (a)
Pt coverage is 1 ML, and the annealing time is 30 min; (b) 1.5 ML, 10 min; (c) 1.5 ML, 40 min; (d) 4 ML, 30 min.
All image sizes are 100 nm x 100 nm. Tunneling conditions: bias -2 V, current 1 nA (a); -1.5 V, 1 nA (b-d).

To address the SMSI effects on high-temperature annealing, we carried out
temperature programmed desorption (TPD) experiments using CO as a probe molecule to
titrate the Pt surface since the iron oxide support does not adsorb CO at 300 K. CO TPD
spectra obtained on the 1.5 ML Pt/Fe304(001) surface stepwise-annealed to the specified
temperatures are shown in Fig. 6a. Structural characterization after each annealing step was
performed with STM and LEED.

The “as deposited” Pt/Fe304(001) surface showed a broad desorption signal between
300 and 520 K with a maximum at 450 K, that falls into the range observed for single crystal
Pt surfaces.!” Note, however, that CO induced sintering of the Pt ad-atoms, as previously
observed for Pd/Fe304(001),[11] might also affect the first TPD spectrum. Annealing at 600 K
slightly (by ~ 15 %) reduces the CO uptake, and several desorption features at 360, 420 and
450 K can be resolved. These features remain after annealing at 700 K, which further
reduces the CO uptake. The latter drops to almost zero upon annealing to 850 K, although Pt
particles did not show considerable sintering (see Figure S1 in the Supporting Information),
thus providing direct evidence that the Pt particles exhibit the SMSI effect at elevated
temperatures most likely via encapsulation. Indeed, the formation of Pt-Fe alloys as another
option to explain the CO uptake drop would manifest itself as a prominent desorption signal
at around 300 K % which is not the case here. Ultimately, annealing at 1000 K totally

suppresses CO adsorption and it is accompanied by reshaping of the Pt particles.
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Figure 6. (a) TPD spectra of 20 L CO adsorbed at 300 K on 1.5 ML Pt/Fe;0,(001) as deposited at 300 K and then
UHV annealed to the indicated temperature. The heating rate is 2 K/s. (b-e) LEED patterns (at 95 eV) of the
pristine (V2xV2)R45°-Fe;0,4(001) surface (b); after deposition 1.5 ML of Pt at 300 K (c); and subsequent UHV
annealing to 850 K for 10 min (d) and 1000 K for 30 min (e), respectively. The additional spots are developed,
which are assigned to FeO(111)/Pt(001)-c(2x10) structure as marked in the panel (e).

LEED patterns of the same Pt/Fe304(001) surfaces recorded before the TPD runs are
shown in Fig. 6(b-d). Additional diffraction spots (marked in Fig. 6e) appear upon annealing
which were absent on the pristine Fe304(001) film annealed at the same temperature (1000
K) prior to the Pt deposition. These spots first develop upon heating to 850 K and become
more intense and sharper by annealing at 1000 K. The corresponding surface structure is
virtually identical to that observed for an ultrathin iron oxide film grown on a Pt(100) single
crystal and assigned to an FeO(111)/Pt(100)-c(2x10) (and/or —(2x9)) coincidence
structure.?! Bearing in mind the cuboid morphology of the annealed Pt nanoparticles which
preferentially expose the top (100) facets (Fig. 4b), the LEED observation of the
FeO(111)/Pt(100) interface can readily be explained by the encapsulation of the Pt particles
by an FeO(111) layer. One could argue, however, that the new ordered structure arises from
the interface underneath rather than on the top of a Pt particle, although the spots seem to
be too bright to make the former assignment.

To shed more light on this issue, we have performed sputtering experiments as
follows. The 1.5 ML Pt sample annealed to 1000 K was subjected to a mild Ar*-ion

bombardment (500 eV, ~1 pA/cm? 45° incidence, for 10 sec) at room temperature.



Certainly, this treatment caused some surface roughening as judged by STM (Fig. 7a).
However, the atomic rows of the (V2xV2)R45°-reconstructed Fe304(001) between the
particles are still visible as shown in Fig. 7c, thus indicating that ion bombardment at our
conditions does not cause severe sputtering, but creates surface defects. However, the
FeO(111)/Pt(100) diffraction spots fully disappear (inset in Fig. 7a). Moreover, CO start to
adsorb on the sputtered surface as observed by TPD (Fig. 7e), indicating that the ion

sputtering removed the encapsulating layer and exposed the Pt surface.
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Figure 7. (a-d) STM images and corresponding LEED patterns (at 95 eV in insets) of 1.5 ML Pt/Fe;0,(001)
annealed at 1000 K for 30 min and then Ar'- ion sputtered at 300 K (a,c); and re-annealed at 1000 K for 10 min
(b,d). (Tunneling conditions for all images are bias -1.5 V, and current 1 nA). (e) TPD spectra of 20 L CO
adsorbed at 300 K on the same samples as indicated. The heating rate is 2 Ks™. The spectrum on the clean,
hex-reconstructed Pt(001) surface, taken prior to the growth of the Fe;0,(001) film, is shown as dashed line for
comparison.

Interstingly, the first CO TPD spectrum revealed a prominent peak at ~ 500 K that
show similarities to the spectrum measured on the clean hex-Pt(001) surface. It is tempting
to assign this feature to the top (100) facets of the Pt particles opened upon ion sputtering
of the encapsulated layer. However, such a TPD profile can also be associated with highly
stepped Pt surfaces [19] and, more generally, to the low-coordinated Pt atoms formed on the
Pt particles upon sputtering of the Pt surface beyond the encapsulating layer. Indeed, the
second CO TPD run already showed a broad signal similar to the one measured on “as

prepared” Pt particles (Fig. 6a). Re-annealing of the sample at 1000 K for 10 min, in essence,
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recovers the initial characterisitcs of the sample prior to the treatment: The
FeO(111)/Pt(100) difraction spots reappear, and the CO uptake drops back to zero.

Therefore, the above-presented LEED, STM and TPD results provide strong evidence
that Pt nanoparticles undergo the SMSI effect via encapsulation by an iron oxide layer which
is an FeO(111) monolayer in nature. Unfortunately, atomic resolution of the Pt particles
could not be achieved with our microscope (basically, because of their small size), which
would otherwise allow us to determine the atomic structure of the Pt top facets more
precisely.

Nonetheless, we are now in the position to compare the structural properties of
Pt/Fe304(001) and Pt/Fe304(111) systems [3b, 3¢, & using thin film supports grown on Pt(100)
and Pt(111) substrates, respectively. On both the (001) and (111) magnetite surfaces, Pt
shows no preferential nucleation on defects and appears uniformly dispersed across the
entire surface. Pt on the (V2xV2)R45°-Fe304(001) surface adsorbs monoatomically even at
300 K, occupying the “narrow” sites. On Fe304(111), the adsorption sites for Pt were not yet
determined, since STM imaging at low Pt coverages is obscured by the presence of poorly
defined adsorbate-like species.** 2 Since DFT predicts strong adsorption of Pt on
Fes04(111) (i.e. ~ 2.2 eV on the Fe-terminated surface),[23] one could envision the
monoatomic Pt adsorption on Fez04(111) as well. Indeed, STM images of Pt/Fe;04(111) at
sub-monolayer coverages revealed high density of small islands, which are only about 2 A in
height, corresponding to a single Pt Iayer.[3°] At increasing coverage, the monolayer islands
coalesce and form an extended, irregularly shaped network, and only a few Pt particles two
layers in height are observed at 300 K. Therefore, for both Fe304(100) and (111) surfaces, Pt
strongly interacts with magnetite, leading, in essence, to Pt wetting the oxide surface at
room temperature.

For both systems, high-temperature annealing in UHV causes Pt sintering and
subsequent formation of well-faceted three-dimensional nanoparticles with their edge at
the interface running along the crystallographic directions of the oxide surface. These
particles exhibit an octahedral shape on Fe304(111), but a cuboid shape on Fe304(001),
following the epitaxial relationships between Pt and Fes0q, i.e.
Pt(111)[1-10]//Fe;04(111)[1-10]?* and Pt(001)[100]//Fe;04(001)[100],"** thus resulting in
the particles exposing Pt(111) and Pt(001) top facets on Fe304(111) and Fe304(001),

respectively. A difference one would mention is that Pt particles on Fe304(111) remarkably
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B3¢ 8 \whereas Pt on Fe304(001) forms individual

coalesce and form extended Pt islands,
particles about 5 nm in lateral size, at most. This finding could be indicative of the difference
in adhesion energy and linked to the stress deformations on the two interfaces as a result of
the mismatch between the two lattices. As another factor, we note our high resolution
electron microscopy studies of encapsulated Pt/Fes04(111) particles which showed Fe
enrichment of the interface between a Pt particle and an underlying support that results in
more Pt-Fe bonds. As the Fe304(001) surface is initially terminated both by Fe and O atoms,
it may well be that limited lateral growth of the Pt particles on Fe304(001) along the

interface may be linked to the interface structure which cannot be addressed with tools

employed in the present study.
Conclusions

In this work, we studied nucleation, growth and thermal stability of Pt deposited on the
(V2xV2)R45° reconstructed surface of Fe304(001) thin films. At low and medium coverages,
Pt preferentially adsorbs monoatomically on the so-called “narrow” sites, i.e. in the same
manner as previously reported for Ag, Pd and Au ad-atoms supported on a Fe304(001) single
crystal. Vacuum annealing above 700 K leads to Pt sintering and concomitantly to re-shaping
(at ~1000 K) into cuboid Pt nanoparticles, with edges oriented along the crystallographic
directions of the Fes04(001) surface. In addition, high-temperature annealing suppresses CO
adsorption on Pt, thus manifesting a SMSI effect via Pt encapsulation by the oxide support.
The combined LEED, STM and TPD results provide strong evidence for the encapsulating
overlayer to be identified as FeO(111) as previously observed for a FeO monolayer film on a
Pt(001) single crystal. The results are compared with the Pt/Fe;04(111) system, showing the
encapsulation of (111)-oriented, hemispherical Pt nanoparticles by the FeO(111) layer. The
comparison of two systems suggests that the SMSI effect via encapsulation is insensitive to

the surface structure of oxide, although the latter strongly affects the particle morphology.

Experimental Section

"0 mbar)

The experiments were performed in an UHV chamber (base pressure 2x10
equipped with LEED and Auger electron spectroscopy (from Specs), STM (Omicron) and a

differentially pumped quadrupole mass spectrometer (QMS, Hiden 201) for TPD
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measurements. The Pt(001) crystal (99.95%, from MaTeck) was mounted on the Omicron
sample holder and could be heated by electron bombardment from the backside of the
crystal using a tungsten filament. The temperature was measured with a chromel-alumel
thermocouple spot-welded to the edge of the crystal. The crystal temperature and the
heating rate were precisely controlled using a feedback system.

The Fe304(001) film was grown on a Pt(001) substrate as described in detail in ref. 171,
Briefly, about 3 nm Fe was evaporated onto the clean, hex-reconstructed Pt(001) surface at
300 K as a buffer layer and subsequently 3 nm Fe was deposited with O, background
pressure of 5x10° mbar at 300 K. The sample was then UHV-annealed at 1020 K for 10 min.
The quality of the prepared films was each time inspected by STM. Prior to the Pt
deposition, the Fe304(001) film was flashed to 600 K to desorb adventitious adsorbates.

Iron and platinum (both 99.95%, Goodfellow) were deposited using commercial e-beam
assisted evaporators (Focus EFM3). During Pt deposition, the sample was biased with a
retarding potential to prevent metal ions from being accelerated towards the sample. The

STM images were obtained at 300 K with commercial Pt-Ir tips (LOT Oriel GmbH).
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TOC graphic.

Platinum deposited on the

~ . ’ ’ (V2xv2)R45° reconstructed

surface of Fe30,4(001) thin films

’ ’ @ Fe,0,(001) , exhibits a strong metal-support

interaction resulting in cuboid

Pt nanoparticles, with edges
oriented along the crystallographic directions of the Fe304(001) surface, encapsulated by an
FeO(111) single layer, i.e. in the same manner as previously observed for hemispherical Pt
particles on a Fe304(111) support. The results shed light on the structural sensitivity of the
SMSI effects.
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