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Abstract Using high resolution and ambient pressure
X-ray photoelectron spectroscopy we show that the cat-
alytically active FeO, trilayer films grown on Pt(111) are
very active for water dissociation, in contrast to inert
FeO(111) bilayer films. The FeO, trilayer is so active for
water dissociation that it becomes hydroxylated upon for-
mation, regardless of the applied preparation method. FeO,
trilayers were grown by oxidation of FeO(111) bilayer
films either with molecular oxygen in the mbar regime, or
by NO, and atomic oxygen exposures, respectively, in the
ultrahigh vacuum regime. Because it was impossible to
prepare clean FeO, without any hydroxyls we propose that
catalytically highly active FeO, trilayer films are generally
hydroxylated. In addition, we provide spectroscopic fin-
gerprints both for Pt(111)-supported FeO(111) and FeO,
films that can serve as reference for future in situ studies.
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1 Introduction

The ultrathin FeO(111) bilayer film grown on Pt(111) is
one of best studied hetero-oxide hybrid system that couples
a subnanometer sized oxide phase to a metal surface [1]. It
was first grown and characterized in 1988 by Vurens et al.
[2] Since then the FeO(111) bilayer film on Pt(111) has
been characterized in great detail using the combination of
scanning tunneling microcopy (STM) and low energy
electron diffraction (LEED) [3-7], X-ray photoelectron
diffraction [8], and density functional theory (DFT) [7, 9,
10]. From these studies it is known that the FeO(111)
bilayer consist of hexagonal closed packed O- and Fe-
layers with the O-layer at the surface and the Fe-layer
sandwiched between the surface O-layer and the Pt(111)
support. Due to a small misfit angle (0.6°) between the
FeO(111) film and the Pt(111) support and the lattice
mismatch between the FeO lattice (~ 3.1 1&) and the
Pt(111) substrate (2.77 A) a characteristic moiré pattern
witha ~ 25 A periodicity is formed.

Numerous interesting properties of the FeO(111) films
have been discovered in various studies that focused on:
(i) the reduction of the film by atomic hydrogen [11-13];
(i1) reduction of the film by CO [14]; (iii) nanopattering
using the films moiré structure [15-18]; (iv) adsorption of
molecules on the film [5, 19-22]; and (v) catalytic activity
of the film [23, 24].

One of the reactivity studies published by Sun et al. in
2009 [23] revealed that an oxygen-rich FeO, (1 <x<2)
trilayer phase is formed when FeO(111) bilayer films are
exposed to O, pressures in the mbar regime at elevated
temperatures. The formation of this oxygen-rich FeO,
phase at reaction conditions was linked to the enhanced CO
oxidation activity observed for ultrathin FeO(111) as
compared to clean Pt(111) and nm-thick Fe;O4(111). In the
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following, the O-enriched FeO, phase will be referred to as
FeO, trilayer. Since its discovery, the FeO, trilayer phase
has been studied extensively by a variety of techniques,
including STM [25-28], Auger electron spectroscopy
(AES) [25], and DFT [26, 29, 30]. In a study by Giordano
et al. [10] it was shown that the transition from FeO(111) to
FeO, strongly depends on the specific region, leading to
oxygen enrichment in specific areas of the FeO(111) moiré
unit cell. In addition, it was shown that the FeO, trilayer
islands have a O-Fe—O—Pty, s Stacking. Compared with
the FeO(111) bilayer film, the FeO, islands thus contain O
atoms at the interface between the oxide film and the
Pt(111) substrate. Finally, high resolution STM studies

revealed a (\/§ X \/§)R30° superstructure on the FeO,
trilayer islands. On the basis of DFT calculations it was
suggested that this superstructure originates from a ener-
getically preferred location of O-interphase atoms atop the
Pt atoms of the substrate [10]. In two more recent studies
by Giordano et al. [29, 30] theoretical core level shifts
(CLS’s), work function changes between FeO(111) and
FeO,, and OH stretching frequencies were reported and the
mapping of the local activity at different sites showed that
oxygen easily can be adsorbed and released at the
FeO(111)/FeO, boundaries, which might explain the high
CO oxidation activity. Studies by Lewandowski et al. [27]
showed (i) that the FeO,(111) phase is also formed on Pt
particles supported on Fe;O4(111) upon annealing in O; in
the mbar pressure range, and (ii) that CO, formation occurs
via a Mars-van Krevelen mechanism, where CO reacts with
the FeO, trilayer film, thereby reducing it, while O, oxi-
dizes FeO back to FeO, [28]. This proposed mechanism by
Lewandowski et al. fits well with the reaction mechanism
proposed in the DFT study by Giordano et al. [30] All the
studies addressing the FeO, trilayer mentioned above
considered the formation of FeO, by O, and its reduction
by CO. However, a recent study by Ringleb et al.
demonstrates that hydroxylated FeO, can be formed from
FeO(111) if H,O and O, are dosed simultaneously at near
ambient pressure, leading to a H-O-Fe-O-Ptg,pgqe Struc-
tural motive [31].

Indeed, a lot of efforts have been devoted in determining
the topology, local electronic structure, and reactive sites of
FeO, trilayer films using STM and DFT. However, spec-
troscopic information on the electronic structure of FeO,
films is still lacking. Solely the study by Ringleb et al. [31]
reports on X-ray photoelectron spectroscopy (XPS) data,
but in this study the FeO, surface was intentionally
hydroxylated, as it was produced by co-dosing of O, and
H,O onto a FeO(111) bilayer film.

Here we present a spectroscopic investigation of the
FeO, trilayer film grown on Pt(111). We report XPS and
X-ray absorption spectroscopy (XAS) fingerprints for

bilayer FeO(111) and trilayer FeO,. The FeO, trilayer films
were formed by oxidizing FeO(111) either with molecular
oxygen in the mbar regime or with NO, and atomic oxy-
gen, respectively, dosed in the ultrahigh vacuum (UHV)
regime. Independent of the preparation method we observe
spectroscopic evidence for a significant degree of hydrox-
ylation on the FeO, trilayer films, and our STM data are
fully consistent with this conclusion. Ambient pressure
X-ray photolectron spectroscopy (APXPS) measurements
conducted while oxidizing FeO(111) to FeO, further
reveals that the onset and degree of hydroxylation correlate
with the coverage of FeO, trilayer islands. Altogether, our
observations are strong evidence for an astonishing high
activity of the FeO, trilayer towards water dissociation.
Furthermore, our experimental data suggest that Pt(111)-
supported FeO, trilayer films are generally hydroxylated,
regardless of the applied preparation recipe.

2 Experimental

High resolution X-ray photoelectron spectroscopy
(HRXPS) and XAS in UHV were performed at beamline
1311 of the MAX IV Laboratory in Lund, Sweden. The
beamline as well as the endstation are described in detail
elsewhere [32]. High-pressure experiments in the mbar
range were performed at the APXPS endstation of beam-
line I511. The APXPS instrument is capable of performing
in situ experiments in pressures up to ~ 5 mbar in a ded-
icated reaction cell inside the main analysis chamber. A
description of the instrument and the beamline can be
found in refs. [33] and [34], respectively.

In the HRXPS and the APXPS experiments, the Pt(111)
crystal was cleaned by repeated cycles of Ar" sputtering
followed by annealing to 870 K in 1 x 1077 mbar O,.
After annealing the crystal was subsequently flashed to 970
K. The cleanness of the crystal was probed by LEED and
XPS. To grow the FeO(111) bilayer film, Fe was deposited
onto Pt(111) with an e-beam evaporator. The deposited Fe
was oxidized by heating the crystal to 870 K in 1-107°
mbar O,. This procedure is known to result in a FeO(111)
bilayer film, which grows layer-by-layer up to a coverage
of about 2.5 ML [4]. The coverage of the FeO film in the
XPS experiments was calibrated by saturating the surface
with CO at room temperature. As CO only binds to the
exposed Pt surface at room temperature the intensity of the
C 1s and O 1s signal can be used directly to follow the
growth of the film. By cycles of Fe deposition (submono-
layer amounts) at room temperature and subsequent oxi-
dation, we tuned the coverage of FeO to the point where
the C Is signal disappeared. We define a monolayer (ML)
as a complete coverage of a bilayer FeO(111) film, noting
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that the FeO(111) lattice is expanded by about 12 % [13]
resulting in 0.8 layer coverage with respect to the Pt(111)
surface density. All sample temperatures given in our work
are measured with a type K thermocouple spot-welded to
the edge of the Pt(111) single crystal surface. In the
APXPS experiments we used O (99.9999 % purity)
without further purification. The base pressure of the
APXPS chamber was ~5 x 107! mbar. In the HRXPS
measurements performed at beamline 1311 we used NO,
(99.5 % purity) for the oxidation. The NO, was dosed at a
maximum pressure of 1 x 1077 mbar at room tempera-
ture. No filaments were on during NO, exposure and a cold
cathode gauge was used to measure the pressure when NO,
was dosed. The base pressure of the HRXPS setup was ~ 1
x 10719 mbar. The XPS spectra shown in this paper are
calibrated to the Fermi level. All O 1s spectra were
acquired using a photon energy of 650 eV. In our experi-
ments, this yields a resolution of 580, 950 and 250 meV for
UHV, mbar and NO, experiments, respectively. The Pt 4f
and Fe 3p/Pt 5p regions were recorded with a photon
energy of 190 eV, yielding corresponding resolutions of
110 meV for the Pt 4f and 330 meV for the Fe 3p/Pt 5p
levels. Polynomial backgrounds were subtracted from all
spectra before or during the curve fitting. For Pt 4f spectra
Doniach—gunjié (DS) functions convoluted with Gaussians
line shapes were used for the curve fitting. O 1s spectra
were deconvoluted using asymmetric Voigt functions. Due
to the open-shell nature of Fe, fitting of Fe 3p features is
non-trivial. For simplicity we used three DS components
convoluted with Gaussians for curve fitting of the Fe 3p
features.

The Fe L-edge XAS spectra were recorded in normal
incidence in Auger yield mode by collecting electrons with
a kinetic energies between 540 and 550 eV using a SES-
200 analyzer. The photon energy of the XAS spectra was
calibrated by measuring the Pt 4f peak using first and
second order light from the monochromator.

STM measurements were conducted in a separate UHV
system in Aarhus with a base pressure of ~2 x 107!°
mbar, using a home-built Aarhus STM operated at room
temperature with a mechanically cut Pt—Ir tip. Preparation
of the Pt(111) crystal and growth of the FeO film were
conducted in the same way as for the spectroscopy mea-
surements. To form the FeO; trilayer, the bilayer FeO(111)
film was exposed to atomic oxygen at 385 K using a
thermal atom source (Oxford Applied Research TC-50)
operated at a power of 54 W with a chamber background
O, pressure of 2 x 10~% mbar. Exposure for 8 min under
these conditions followed by flash annealing to 500 K was
found to produce a film that was nearly saturated with FeO,
trilayer islands, similar to a previous study of the oxidation
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of FeO/Pd(111) [35] conducted using the same experi-
mental system.

3 Results and Discussion

The spectroscopic and structural properties of Pt(111)-
supported FeO(111) bilayer films are well documented in
the literature [5, 13]. Nevertheless, to facilitate a direct
comparison of the XPS data acquired on FeO, we first
show the spectra of clean Pt(111) surface (top Fig. 1) and
the bilayer FeO(111) film (middle Fig. 1). Subsequently,
the spectroscopic and structural properties of FeO, will be
discussed. Ball models and LEED images for the different
preparation steps are also shown in Fig. 1.

3.1 Spectroscopic Fingerprints of FeO

Before growing of the FeO(111) film the spectral features
corresponding to a clean Pt(111) surface is discussed. No
signal is observed in the O Is region. In the Pt 4f;, line
bulk (Ptg) and surface (Pts) components are observed at
70.94 and 70.52 eV [36], respectively. The small compo-
nent observed at 51.40 eV originates from the Pt 5p core
level of the clean Pt(111) surface. Following the growth of
1 ML FeO(111) a single O 1s peak is observed at 529.4 eV
(denoted I). In the Pt 4f;/, region the previously observed
surface component disappears and one single component is
observed at 70.94 eV, i.e. the position of the bulk com-
ponent of the Pt(111). The CLS of the topmost layer of Pt
atoms that binds to Pt atoms beneath and Fe atoms above is
thus indistinguishable from that of the Pt bulk atoms. In the
Fe 3p region a component with first moment—i.e. ’center
of mass’—at 54.99 eV and peak maximum at 54.11 eV is
observed. The spectra acquired here on FeO(111) are in
good agreement with those published previously [5, 13].
The cleanliness of our FeO(111) films was further con-
firmed by acquiring survey scans, which showed no sign of
the presence of other elements than Fe, O, and Pt. The
ordering of the film was checked with LEED, which
revealed the expected floret patterns due to the film’s moiré
structure (see the insets in Fig. 1). Careful inspection of the
individual diffraction spots reveal an arc shape that could
indicate the formation of slightly rotated FeO(111)
domains on the sample. Most likely a higher oxidation
temperature after iron deposition would have given sharp
spots without any arc shape.

3.2 Spectroscopic Fingerprints of FeO,

For the formation of the FeO, trilayer film the FeO(111)
film was oxidized by dosing 0.6 mbar O, while annealing
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Fig. 1 XP spectra acquired on the clean Pt(111) crystal (top), with a
bilayer FeO(111) overlayer (middle), and with a trilayer FeO,
overlayer (bottom). Panel a shows the O 1s core levels, while panels
b, ¢ show Pt 4f;), and Fe 3p/Pt 5p regions, respectively. LEED

the sample at 500 K. Subsequently the sample was cooled
to room temperature in an oxygen atmosphere. Following
the oxidation, the main O 1s peak shifts to lower binding
energy and a shoulder component develops at the high
binding energy side. The full width at half maximum
(FWHM) of the main O 1s peak of the FeO, trilayer film is
significantly larger (1.1 eV) than the FWHM of the O 1s
component (I) observed on the bilayer FeO(111) (0.9 eV)
suggesting that more than one component should be used
for its deconvolution. On the basis of this observation we
fitted the main O 1s peak by two components with similar
widths as component I positioned at 529.0 eV (III) and
528.5 eV (IV), respectively. Our experimental CLS of —0.4
eV (III) and —0.9 eV (IV) with respect to component I of
FeO(111) agree very well with DFT-calculated final state
CLS of —0.4 eV (interface O) and —0.7 eV (surface O)
reported by Giordano et al. [29] Accordingly, we assign
component III to interface O atoms sandwiched between Pt
and Fe atoms and component IV to surface O atoms in
FCOz.

The shoulder component (II) located at 531.0 eV is
shifted by +2.5 eV with respect to component IV origi-
nating from surface O atoms in FeO,. Core-level shifts of
~2 eV have previously been observed for hydroxylation

images of FeO(111) and FeO, overlayers acquired in the XPS setup
with energies of 62 and 65 eV, respectively, are also included in the
figure.

of oxide films such as FeO(111) (2.2 eV) [13], Fe304(111)
(2.1 eV) [37], «-Al,03(0001) (1.9-2.0) [38], and o-
Fe,03(0001) (1.9-2.2 eV) [38]. On this basis we assign the
shoulder component (II) to OH groups. Comparing the
relative area of the OH component II (49%) and the FeO,
surface component IV (51%) we conclude that approxi-
mately half of the surface O atoms in the FeO, film are
hydroxylated. However, it should be noted that the area of
component IV is very sensitive to the peak widths of
component IV and III. Thus, the real coverage of OH-
groups could easily be higher or lower than 0.5 ML.

In contrast to the FeO(111) film, the FeO, trilayer film
contains interface O atoms in direct contact with the top-
most layer of Pt atoms. Therefore, we expect the Pt 4f;/,
spectra of FeO(111) and FeO,(111) to be clearly distin-
guishable. Figure 1b confirms this expectation as we find a
new component (Ptp) at 71.15 eV binding energy in
addition to the bulk component (Ptg) at 70.94 eV for the
FeO,(111) film. For comparison, ref. [36] reported a Pt
4f;/, binding energy of 71.12 eV for a p2 x 2)-0
chemisorption phase on Pt(111) with O atoms located in
the threefold hollow sites.

In the Fe 3p spectrum the oxidation of FeO(111) to FeO,
causes a CLS of 4+0.53 eV of the Fe 3p component peak
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maximum, suggesting a higher oxidation state of Fe in the
FeO, film. However, the CLS causes only the first moment
to shift by +0.18 eV. Hence, the overall peak has shifted
possibly due to multiple changes on the surface. We did not
attempt to explicitly curve fit the Fe 3p peak since both the
Fe 2p and 3p curve fitting are non trivial [39—41] and
beyond the scope of the present study. Instead we used
three Doniach—§unjic’ (DS) functions to fit the Fe 3p peak in
order to determine the integrated area. In Fig. 1c the sum of
these three DS functions is plotted as one component
shown in orange. By normalizing the spectra to the inte-
grated area of the Pt 5p component we observe a 13 %
increase of the Fe 3p component upon oxidation from
FeO(111) to FeO,, fitting well with the fact that more
attenuation of the photoelectrons from underlying Pt is
expected for FeO, than for FeO(111).

Finally, we note that also the LEED pattern acquired on
FeO, shows a floret pattern, similar to the one observed on
the FeO(111) film, but without any arc shape of the indi-
vidual diffraction spots. First of all this indicates that the
in-plane structures of the FeO(111) and FeO, surfaces are
comparable even though the spectroscopic fingerprints of
these two surfaces are very different. Secondly, the dis-
appearance of the arc shape upon FeO, formation might be
an indication that rotational micro domains disappeared
upon oxidation when the interphase O layer became pre-
sent. Note that the two LEED images shown in Fig. 1 are
acquired on the the same sample before and after FeO,
formation. More experimental work and a careful analysis
of many LEED images before and after oxidation are,
however, needed to verify our second conclusion.

As mentioned above, our O 1s deconvolution indicates
that approximately 50 % of the surface oxygen atoms are
hydroxylated. To validate this conclusion we tried to
selectively remove the H atoms from the surface, by
flashing the FeO, trilayer to 580 K. In Fig. 2 we compare
the O 1s spectrum of FeO, before (bottom) and after
(middle) flashing to 580 K. Clearly, component II assigned
to the OH groups decrease in intensity upon flashing, while
component [ assigned to FeO(111) and component IV
assigned to surface FeO, without OH groups increase in
intensity. Further, we note that the FeO, interface com-
ponent decreases in intensity. This is as expected because
part of the surface is converted to FeO(111) without an
interface component. Hence, flashing in vacuum leads to
removal of the hydrogen, as expected, and a partial
removal of oxygen leads to the observed trilayer/bilayer
mixture. This observation suggests that OH groups help to
stabilize the FeO, trilayer. Recently, it has been reported
by Liu et al. [42] that hydroxyl groups also stabilize
ultrathin Zinc oxide films.

The topmost O 1s spectrum in Fig. 2 was acquired after
a subsequent room temperature exposure of H,O
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Fig. 2 O 1s spectra of FeO,(111) before (bottom) and after (middle)
flashing to 580 K. The spectra at the fop was acquired after exposing
the flashed FeO,(111) film to 1 x 10~ mbar H,O for ~ 15 min

(1 x 107® mbar for ~ 15 minutes) onto this trilayer/bi-
layer mixture. Clearly, the water exposure leads to re-ap-
pearance of the OH-component (II) and a reduced FeO,
surface component (IV). In contrast, the FeO(111) com-
ponent (I) and the FeO, interface component (III) are
unaffected by the water exposure. Hence, the conclusion
from these observations is that a surface with FeO,(111)
patches effectively dissociates H,O, whereas a continuous
FeO(111) film is inert with respect to water exposure at
room temperature.

For the oxidation of FeO(111) to FeO, discussed above
a pressure of 0.6 mbar was used. At such high pressures—
high as in orders of magnitudes higher than standard UHV
techniques—it is difficult to avoid water impurities. In
order to reduce the water contamination we also studied the
oxidation of FeO(111) by NO,. Previous surface oxidation
studies have shown that NO, functions as a very efficient
oxidation agent and quite similar to atomic oxygen [43],
meaning that the partial pressure of water can be reduced
significantly. Figure 3 show a series of O 1s spectra of
FeO(111) exposed to an increasing amount of NO, dosed
at room temperature. As the gas dosing was done in the
preparation chamber the sample was transferred between
dosing and measurement. After 250 L NO, (dosed at
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Fig. 3 Trilayer FeO, grown with NO,. The bottom spectrum shows
bilayer FeO(111) and each spectrum above shows the spectrum after
subsequent room temperature NO, dosing. Dose shown in the figure is
the cumulative NO, dose

1 x 107 mbar) the OH component (II), the FeO, surface
component (IV), and the FeO, interface component (III)
start to become visible. At lower NO, doses (not shown)
the spectrum looked very similar to that of pristine
FeO(111) and only very small changes were observed.
With increasing NO, dose the components assigned to
FeO, (II, III, IV) increase in intensity while the FeO(111)
component (I) decreases. Between a dose of 400 and 550 L
the surface oxidation seems to saturate and the FeO(111)
component (I) almost disappears. No N 1s signal was
observed upon NO, oxidation in any of our experiments
suggesting formation of NO or N, that immediately des-
orbs. Comparing the O 1s spectra after O, oxidation
(Fig. 1a) and the NO, oxidation (Fig. 3) of FeO(111) it is
evident that the two different oxidation methods are very
similar and both result in extensive surface hydroxylation.
In none of our NO, oxidation experiments we observed
FeO, interface (II) and surface (IV) components without
also observing a OH component (IV). Altogether, these
observations suggest that a surface with FeO,(111) trilayer
patches undergoes quickly hydroxylation, whereas the
bilayer FeO(111) film does not hydroxylate.

3.3 STM Comparison of FeO and FeO,

Evidence for spontaneous hydroxylation of the FeO, tri-
layer is also provided by STM measurements. Figure 4
shows STM images of the pristine bilayer FeO film
(Fig. 4a) and the oxidized film (Fig. 4b), produced by
exposure to atomic oxygen from a thermal cracker.
Immediately after exposure at room temperature, it was
found to be impossible to establish stable STM imaging,
presumably due to the presence of weakly-bound oxygen-
containing species on the surface which interact strongly
with the STM tip. After flashing the surface to 500 K,
however, stable images could be obtained, one of which is
shown in Fig. 4b. Similar to previous reports [23, 26, 35],
the STM images show bright patches of FeO, organized
following the moiré superstructure. Atop these patches we
observe bright protrusions showing poor short-range order,
but typical separations corresponding to v/3 x a, or next-
nearest-neighbor spacing or larger. This is very similar to
what has previously been observed for H adatoms adsorbed
on the FeO bilayer [22], and we therefore propose that
these protrusions correspond to OH groups which are either
residual features following the flash (note that the OH
component of the O Is spectra shown above was not
completely removed by heating) or which formed by
adsorption while the sample cooled. To distinguish
between these two possibilities, it would be interesting to
scan on FeO, trilayer samples at elevated temperatures.
The unintentional adsorption of water upon sample cooling
was previously observed in STM studies addressing rutile
TiO,(110) [44]. In an earlier report by Giordano et al. [26]
protrusions were observed in STM images similar to those
here, but forming a more well-ordered V3 x V/3R30°
arrangement atop the trilayer patches. In that work the
superstructure was attributed to outward relaxation of 1/3
of the Fe ions based on the finding by DFT+U calculations
that such a structure was stable. Though we cannot rule out
this explanation completely, we find it unlikely that dis-
placement of single ions is responsible for the protrusions
observed in the present case, where variability in the
number of protrusions observed at each FeO,(111) patch
and their relatively random ordering is suggestive of the
presence of foreign species. We furthermore suggest that
the superstructure observed in this previous work was also
caused by OH groups, the better ordering being
attributable to a higher concentration of these species.

3.4 XAS Comparison of FeO and FeO,
We now take a closer look at the oxidation state of Fe in

FeO(111) and FeO,. In Fig. 5 Fe L3 spectra of a FeO(111)
film and FeO, prepared by dosing NO, are shown together
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Fig. 4 a STM image (65 mV,
3.0 nA) of bilayer FeO/Pt(111),
with the moiré coincidence cell
marked. b STM image (2.0 V,
0.2 nA) of the FeO bilayer
following exposure to atomic
oxygen and flashing to 500 K.
Bright protrusions assigned to
OH groups incorporated into
patches of the FeO, trilayer are
indicated with arrows. Ovals
mark pairs of protrusions
separated by a lattice distance of
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Fig. 5 Normal incidence Fe L3-edge XAS spectra of a trilayer grown
with NO, and a bilayer, from which the trilayer was grown. Also
shown is the difference between the spectra

with their difference spectra. The spectrum of the FeO(111)
bilayer film is, as expected, in accordance with that of Fe2t
[5, 45, 46]. For FeO, the main component is shifted to
higher photon energies and a shoulder is seen at a lower
photon energy. Clearly, the iron atoms in FeO, are at least
partly in a different oxidation state. Indeed, the observed
line-shape of the difference spectrum [FeO,-FeO(111)] is
characteristic of an Fe3t oxidation state [45, 46]. Hence,
the trilayer is composed of Fe?* and Fe®* contributions.
From the relative intensities of the contributions we find
that roughly 60 % of the ions are in an Fe?>* oxidation state.
As previously discussed, no bilayer FeO(111) contributions
could be found with XPS. Therefore, the different Fe ion
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oxidation state must originate from the trilayer FeO,
patches.

3.5 In Situ Oxidation of FeO to FeO, Followed
with APXPS

In all our experiments where FeO(111) was oxidized to
FeO, with O,, NO;, and atomic oxygen we observed that
the surface is to a large extent hydroxylated. To follow the
kinetics of the FeO(111) to FeO, transformation and to
probe whether the surface first is oxidized to FeO, and
subsequently becomes hydroxylated we followed the oxi-
dation process in situ with APXPS. In the APXPS exper-
iment the FeO(111) surface was exposed to 0.6 mbar O,
while the sample temperature was ramped from room
temperature to 500 K (Fig. 6). At the same time O 1s XP
spectra were measured. Figure 6a shows an image plot of
the O 1s spectra acquired in situ while selected O 1s spectra
are shown in panel (b). The doublet observed near 538 eV
originates from the O, gas phase molecules and the peaks
near 530 eV originate from surface O species. In the top
part of panel (c) in Fig. 6 we plot the relative surface area
of all O 1s surface components obtained from simultaneous
curve fitting of all O 1s spectra acquired in situ. At 300 K
the surface is completely covered by bilayer FeO(111) ().
At a temperature of 315 K after ~ 20 min of O, exposure
we observe the onset of the reduction of FeO(111) com-
ponent (I) and the simultaneous increase of the FeO,-OH
component (II) and the FeO, (IV) component. Thus, the
FeO, surface atoms with and without adsorbed H occurs
simultaneously and both components grow with the same
rate until a temperature of 360 K is reached. Above this
temperature the FeO,-surface component start to increase
faster than the FeO,-OH component, and above 400 K the
OH coverage reaches maximum (33 %) and start to
decrease at higher temperatures. Both observations suggest
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Fig. 6 a Image plot of O 1s spectra acquired in 0.6 mbar O, while
heating the sample from 300 to 500 K followed by subsequent
cooling. The temperature profile is plotted in panel c. b Selected O 1s
spectra from a. ¢ Top development of the 3 surface components
[FeO(111)(I), FeO,-OH(I), and FeO,-Surface (IV)] as function of
temperature and exposure time obtained from curve fitting the O 1s
spectra shown in panel a. Bottom measured work function shift as
function of temperature and exposure time obtained from the energy
shift of the O, gas phase peak plotted together with the calculated
workfunction shift obtained by combining theoretical values from ref.
[29] and the coverage of FeO,-OH(Il) and FeO,-Surface(IV)

that hydroxylation is suppressed at higher temperature.
Even though the OH formation is suppressed at higher
temperature we always observe a significant degree of
hydroxylation also at the maximum temperature of 500 K
(20 %). Upon cooling the OH coverage increase again and
the FeO,-surface component decrease.

Finally, we take a look at the peak position of the O, gas
phase doublet. In contrast to the O 1s surface atoms that are
pinned to the Fermi level the gas phase molecules are
pinned to the vacuum level. As a result, the binding energy
of gas phase molecules follows surface work function shift
during the reaction, in this case, the film growth [47]. It
should, however, be kept in mind that the gas phase
molecules probed by APXPS are located in a small volume
between the sample surface and the grounded electron
analyzer aperture. Therefore, the measured binding energy
shift of the gas phase molecules is reduced as compared to
the work function shift of the sample surface. Nevertheless,
at the bottom of Fig. 6¢ we plot the work function change
obtained from the peak position of the O, doublet as
function of time and temperature. In ref. [29] Giordano
et al. calculated the work function change relative to
Pt(111) of FeO(111) (4-0.31 eV), FeO, (41.72 eV), and
FeOOH (-3.89 eV). Using these values and the relative
surface coverage of the same components from the top part
of Fig. 6¢c we estimated the expected work function shifts
as the FeO(111) film is oxidized and hydroxylated as A¢ =
O(FeO, — surface) - 1.41 eV—0O(FeO, — OH) - 4.20 eV.
As Fig. 6¢c demonstrates the estimated work function
qualitatively reproduce the measured work function rather
well keeping in mind the simplicity of our model and the
error bars of the curve fitting. In addition, we note that the
calculated work function shift for FeOOH (—3.89 eV)
probably overestimates the work function shift in our case,
because it was calculated for a full OH coverage, leading to
vertical configuration of all OH groups. In our case with
partial hydroxylation of the FeO,, the OH groups are
dynamically distorted leading to a reduced effective dipole
moment. Altogether we conclude from the data presented
in Fig. 6¢ that: (i) the onset of hydroxylation coincides with
the onset of the FeO, formation and initially the OH cov-
erage and the FeO, formation grows simultaneously,
meaning that OH formation is closely connected to the
trilayer structure and/or growth; (ii) the degree of
hydroxylation is strongly temperature dependent; (iii) the
O atoms in the FeO, patches are always only partly cov-
ered with H atoms, in agreement with our STM observa-
tions; (iv) the FeO, formation and hydroxylation lead to a
measurable work function shift that fits well with our
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assignment of the the O 1s components and the calculated
work function differences between FeO,, hydroxylated
FeO,, and FeO(111).

As discussed above, the onset of hydroxylation coin-
cides with the onset of FeO, formation, suggesting that
hydroxylation occurs during the formation of the FeO,
trilayer rather than after its formation is completed. On this
basis and the fact that hydroxylation also occurred after the
formation of FeO, patches was completed (see Fig. 2c) we
suggest that water dissociates at the FeO,-FeO(111)
interface and at defects that are present mainly during the
oxidation process. In contrast, we do not expect that water
dissociates on perfect continuous FeO(111) films and on
the FeO, patches.

Previous studies have shown that FeO bilayer films can
be grown also on other Pt facets [48], and many other
single-crystalline metal substrates such as Pd(111) [35],
Ag(100) [41], Ag(111) [49], Mo(100) [50], Ru(0001) [51]
and Au(111) [52, 53]. In other studies it has been found
that FeO(111) films encapsulate Fe;O, supported Pt par-
ticles [54]. In addition, it has been demonstrated recently
that Co—O bilayer films on Au(111) can be transformed to
0-Co-O trilayer films , both of which are structurally very
similar to the iron oxide phases discussed here [55]. Our
finding that the Pt(111) supported FeO, trilayer films are
generally hydroxylated could thus be relevant both for
surface iron oxides on other supports and for other trilayer
surface oxides on (111) noble metal surfaces.

4 Conclusions

To conclude, we monitored the FeO(111)/Pt(111) to FeO,/
Pt(111) conversion upon oxidation with different oxidizing
agents with HRXPS and APXPS and provided spectro-
scopic fingerprints of these surface iron oxide phases. Most
importantly, we showed that FeO, supported by Pt(111) is
very active for water dissociation. Once FeQO, trilayer
patches are formed upon oxidation of bilayer FeO(111)
films with O,, NO,, or atomic oxygen, they immediately
become partly hydroxylated. Since we always observe a
significant degree of hydroxylation also when FeO(111) is
oxidized to FeO, at excellent UHV conditions and since
our STM data of the hydroxylad FeO, patches looks almost
identical to previously published STM images of FeO, [23,
26] we propose that catalytically highly active FeO, tri-
layer films are generally hydroxylated even at normal UHV
conditions. We believe this result is also of relevance for
iron oxide films on other supports and for other trilayer
oxides grown on (111) noble metal surfaces.
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