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Abstract

The stability of cerium oxide (ceria) is a major topic in the field of heterogeneous
catalysis. When exposed to a reactive environment or treated in a redox step, ce-
ria is prone to changes of its surface morphology, atomic structure and composition,
with a strong impact onto its catalytic properties. Here, we investigate the stability
of Pt(111)-supported ultra-thin ceria films upon air exposure and during redox cycles
under ultra-high vacaum (UHV) conditions. Scanning probe microscopy, X-ray photoe-
mission spectroscopy and low energy electron diffraction show that upon air-exposure a
clean ceria film surface gets contaminated by hydroxyls and carbon-containing species
whereas a following annealing in molecular oxygen at around 650 °C removes such con-
taminants and allows to restore the original surface morphology and structure. When
clean films are oxidized in a background oxygen pressure (reduced in UHV) at ~ 650
°C, the film coverage increases (decreases). The decrease of the film coverage upon
reduction is probably due to a release of cerium atoms, which form an alloy with the
platinum substrate that acts as a reservoir for cerium atoms. Due to the alloying, the
surface work function (WF) of Pt(111) decreases by A¢cepts /pe(111)-pt = —0.20 £ 0.05
eV, as observed by Kelvin probe force microscopy. Upon oxidation, the released cerium
is used to form new ceria. With respect to WF changes of the Pt(111) surface by the
ceria film, a decrease is found for the oxidized film (A¢ceo2/pr-py = —0.55 4 0.05 V)

as well as for the reduced film (A¢,ceria/pe-pt = —0.60 £ 0.05 V).



INTRODUCTION

Cerium oxide (ceria) is a most important material in heterogeneous catalysis'? due to its high
oxygen storage capacity (OSC), which is based on the oxidation and reduction of cerium ions
and the accompanied filling and creation of oxygen vacancies, respectively®. For instance,
ceria is used in the water-gas-shift reaction®®, for the oxidation of hydrocarbons®® and for
fuel cells®®, with the most prominent application being the three-way-catalyst??.

To understand fundamental mechanisims involved in redox processes and related sur-
face chemistry®1?, well-defined ceria model surfaces, in particular in the form of thick!! and
ultra-thin films!'21?, have been studied in heterogeneous model catalysis. Since ceria is very
reactive to many different types of molecular species'*, model surfaces are mostly prepared in
ultra-high vacuum (UHV) where utmost surface cleanness can be guaranteed. An advantage
of studying ceria in the form of films is that the entire palette of surface science techniques
can be used, such as X-ray photoemission spectroscopy (XPS), low energy electron diffrac-

12716 a1nd noncontact atomic force

tion (LEED)!¥15  scanning tunneling microscopy (STM)
microscopy (nc-AFM) ™17 to name a few.

A very important aspect in the research on ceria films concerns its morphological and
atomic structure stability upon exposure to a gaseous environment and upon thermal treat-
ments during a redox cycle. For instance, when ceria is reduced or oxidized, structural prop-

18221 "Whereas such changes

erties like the surface morphology and atomic structure change
only depend on the interplay between bulk ceria and its surface in the case of bulk-like thick
films 292223 the case of ultra-thin films is different due to the presence of the metal surface
underneath: for instance, 2 and 10 monolayer ultra-thin ceria films supported on a Pt(111)
surface show a different reducibility due to a reduced dimensionality and the influence of
the substrate?*. Moreover, such films release cerium atoms during vacuum reduction at high

25 Vice-versa, a ceria

temperatures and an alloy is formed between cerium and platinum
film is formed when the alloy is thermally annealed in oxygen?%2”. The same applies also for

gold surfaces?®, while if the metal support does not form an alloy with cerium, the released



cerium forms small nanoparticles?®. Whereas all these and many other structural changes
have been studied only in a single step of a redox process there are only a few works, which
focus on changes that appear within, at least, one complete redox cycle!®.

Important also with respect to ceria’s stability are structural and chemical changes that
appear when ceria is exposed to the ambient air. This is not only important in the real
catalysis world but it is of pratical interest in surface science where ceria samples are trans-
ferred between UHV systems. When exposed to the ambient air, ceria gets contaminated in
particular by surface hydroxyl groups and carbon containing species with the result that an
irregular structure on the otherwise atomically flat terraces is created?3, like on air-cleaved
bulk MgO(001)3® and CaF4(111)3'. Recently, it has been shown that on air-exposed thick
ceria films an annealing in a controlled environment of molecular oxygen (~ 107 mbar) at
around 650 °C removes almost all contaminants leaving behind a well-defined and pristine
surface of CeOy(111)23.

In the work here we investigate ceria’s stability in the ambient air and upon thermal
treatments in a redox cycle under UHV conditions. We first comment that an air-exposed
ceria surface can be accurately cleaned merely by oxygen annealing even if ceria is in the
extreme shape of an wultra-thin film. We show that this is indeed possible by considering
an ultra-thin ceria film on Pt(111) - a standard film system that has been carefully studied
by LEED, XPS, resonant inelastic X-ray scattering and STM before 924273236 For an-
alyzing the composition, oxidation state and surface contaminants we used XPS, whereas
the long-order crystallinity and the morphology of the films were analyzed by LEED and
STM /nc-AFM, respectively. In a second part, we consider the same clean film and comment
structural changes in the film morphology that appear within two redox cycles. Kelvin probe
force microscopy (KPFM) was additionally used to obtain information on the local surface
work function (WF) at the nanometer scale3”. In particular KPFM proved to be important
to reveal and understand phenomena of surface alloying within a redox cycle. In general,

WF related phenomena on metal supported oxide films are of high interest in model catalysis



because such films have the strong tendency to change the metal’s WF with direct conse-
quences on adsorption properties and reactivity3®3°. So far, no WF study at the nanometer

scale has been accomplished on ceria ultra-thin films on any type of metal surface.

METHODS

The film preparation was done at the CNR NANO laboratory in Modena (Italy). A Pt(111)
substrate was cleaned by repeated cycles of sputtering and high-temperature annealing at 770
°C. A ceria ultra-thin film was grown by reactive evaporation of cerium in molecular oxygen
(1x 1077 mbar) onto the Pt(111) substrate kept at room temperature. The cerium oxide film
was post-annealed at 770 °C in 10~7 mbar O, for 15 min. The nominal thickness was about
2.3 monolayers (ML). One ML is defined as the thickness of the repeating unit along the
[111] direction, namely an O-Ce-O trilayer with a height of hrr, = aceo2/V3 ~ 3.12 £ 0.01
A (for the lattice constant aceo2 of CeOy see Table S3 in the Supporting Information). After
the growth, the sample was carried in a glass vacuum desiccator filled with pure nitrogen at
ambient pressure to the CINaM laboratory in Marseille (France). The sample was exposed
to the ambient air for a few minutes during the transfer of the sample from the UHV system
in Modena to the desiccator. A comparable air exposure took place in Marseille, and again
two times when the sample was transported back to Modena for XPS measurements.

STM and LEED experiments were conducted at both laboratories in UHV and at room
temperature, with the instruments being almost identical. XPS was done only in Modena
whereas nc-AFM and KPFM were only done in Marseille. KPFM was used in the frequency
modulation mode and applied during the constant frequency nc-AFM imaging mode (fre-
quency modulated nc-AFM)37. During the scanning of the surface, a work function image
is obtained simultaneously with the topography nc-AFM image. The contrast of a WF im-
age is directly related to WF differences on the surface. A bright contrast in WF images

corresponds to a high WF and vice-versa. XPS was performed using Al K, photons, and



photoelectrons were detected at an emission angle of 65 ° from the sample normal to increase
the surface sensitivity.

Further details about the sample preparation, the SPM, XPS and LEED techniques and
analysis, as well as details about the lattice constant of Pt and CeO4y and the absolute WF

of the Pt(111) surface can be found in the Supporting Information.

RESULTS

Stability after air exposure. Directly after the preparation of the 2.3 ML ultra-thin
ceria film, we conducted LEED measurements to check the long-range crystallinity of the
film. STM was additionally used to analyze the surface morphology at the nanometer scale.
Figure 1a shows typical properties that can be generally found on such an as-prepared ceria
film3>3%: the LEED image acquired at 80 eV shows six inner, hexagonally arranged spots,
which can be related to the ceria film being in its oxidized form of CeOy(111), with a negligible
Ce3" concentration (cces; = 1 %) as verified by XPS (see Figure S1 in the Supporting
Information). While the precision of the Ce®*" concentration obtained by the analysis of
the Ce3d XPS spectra is quite high, within +1-2 %, its accuracy is certainly worse, +5
%. The outer six hexagonally arranged spots belong to the Pt(111) substrate, which is
partially exposed as a clean surface (see below). The ratio of the reciprocal lattice vectors of
Pt(111) and CeO4(111) is around r = 1.37 £ 0.01, which is a typical value for this thin film
system273%36  Although the value is compatible with the expected ratio of the Pt and ceria
bulk lattices (rigea; = 1.380 £ 0.005, for Pt and ceria lattice values see Table S2 and S3 in the
Supporting Information), the slightly smaller value is consistent with previous observations

of a possible strain-induced lattice contraction of ceria ultrathin films on Pt(111)2%27:35 (

see
further below). With the lattice constant of apy = 3.92 £ 0.01 A for Pt (see Table S2
in the Supporting Information) and the resulting eccoz(111) = Cl,pt7lit/\/§ =277 + 0.01 A

next-neighbour Pt-Pt distance, a value of ecco2111) = 3.80 £ 0.03 A is obtained for the
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Figure 1: The 2.3 ML ultra-thin ceria film on Pt(111) after its preparation (a), after exposure
to air for ~15 minutes (b) and after its first oxidation at 670 °C in 5.0 x 10~7 mbar O, for 15
minutes (c). For each stage, a LEED image obtained at 80 ¢V (blue) with a corresponding
profile, as well as one SPM topography image on a large (1) and small scale (2) are shown.
STM parameters: (a) Upjas = 1.0 V, I = 0.037 nA (1,2), v = 0.5 (1) and 1.0 Hz (2), nc-AFM
parameters: (b) Af = —11.7 (1) and —18.1 Hz (2), (¢) Af = —11.1 Hz, all nc-AFM: v = 0.5
Hz, fo = 300.0 kHz, all: scale bars: 50 nm (1) and 5 nm (2).

surface lattice parameter of CeOs film, which is in agreement with the value found in Refs.
35 and 36. Overall, the LEED data shows that the CeO4(111) film is well ordered and has
a high crystallinity.

In the real space, on a scale of a few hunderds of nanometers (Figure la, image 1), the
film exhibits the typical island-network structure with islands as high as 2 to 3 ML (0.6

d?>36 On a scale of a

to 0.9 nm) and with the Pt(111) substrate being partially uncovere
few tens of nanometers (Figure la, image 2), the Pt(111) support and the ceria islands are
almost atomically flat.

Figure 1b shows same type of measurements after the transfer of the ceria sample between
the two laboratories accompanied by short air-exposures. The as-introduced ceria film shows
the ceria-related peaks and a rather high background intensity in the rest of the image. The

background intensity is due to electrons inelastically scattered by surface defects originating

from the air (see below). The six peaks from the Pt(111) support, which were very sharp



after the growth (see profile in Figure 1la), all vanished despite one spot, which can be
seen in the LEED profile shown in Figure 1b. The ratio of the reciprocal lattice vectors
of Pt(111) and CeOy(111) has slightly changed (r = 1.34 4+ 0.03), pointing again to the
above mentioned contraction of the ceria lattice. In contrast to LEED, nc-AFM shows a
morphology that seems to be quite similar to the one obtained by STM after the growth: it
shows the same network character of the film on a large scale (Figure 1b, image 1). Merely a
granular structure on the film and on the Pt(111) terraces can be observed (Figure 1b, image
2), which resembles much the granular structures observed on thick ceria films??, air-cleaved
MgO(001)3° and CaF4(111)3!. As it will be discussed further below, this granular structure
is formed by surface hydroxyls and carbon species.

To clean and completely oxidize the ceria film, we annealed the sample at 670 °C in
5.0 x 1077 mbar molecular oxygen for 15 minutes (Figure 1c). As shown in the LEED image,
all the six hexagonally arranged CeOy(111) and Pt(111) peaks recurred (compare profile
with the profile in Figure 1a). The ratio of the reciprocal lattice vectors of this oxygen
annealed ceria film (r = 1.33 £ 0.02) is comparable to the one of the same sample before the
oxygen treatment. The overall long-range crystallinity of the film is very good. Merely the
background of the LEEM image in Figure 1c is a bit higher than in Figure 1a, possibly due
to the different electron guns used in the two LEED apparatus (see Supporting Information).

No visible modifications in the film morphology at the nanometer scale could be detected
(Figure 1c): as in the two stages before, large (image 1) and small-scale nc-AFM images
(image 2) show an almost unchanged ceria film on Pt(111), with a slight improvement of the
overall flattness of the film and support.

XPS spectra were acquired (Figure 2) after prolonged air exposure (see above) on the
as-introduced film (black spectra), after an annealing at 650 °C in 1.0 x 10~ mbar molecular
oxygen (red spectra) and after a following reduction at 630 °C in UHV for 60 minutes (blue
spectra). To reveal the oxidation state of the ceria film, the Ce3d (a), Ols (b) and Cls (c)

spectra were analyzed with respect to surface contaminations. By analyzing survey spectra



(results not shown), we made sure not to miss any contamination. Furthermore, the Pt4f
peaks (not shown) did not exhibit any modification or shoulder, both after air exposure and
thermal treatments.

From the Ce3d spectrum, we determined the Ce®* concentration in the film by fitting
the spectra using Ce3* and Ce** related doublets and relating the area of the Ce®* doublets
to the total multiplet area'®. The as-introduced ceria sample, which was fully oxidized
after its preparation, got only slightly reduced in air and had a 19 % concentration of Ce?*
(black spectrum), which decreased to 5 % after the annealing in oxygen (red spectrum).
Upon reduction by annealing in UHV (blue spectrum), the Ce*t concentration increased to
36 %, which confirms the efficiency of a reduction by UHV annealing'®2?3. The first two
values of the Ce?" concentration are in good agreement with values obtained on thick ceria
films?3: a concentration of 15 % and 6 % were determined for an air-exposed thick film and
after annealing at 657 °C in 6 x 10~% mbar molecular oxygen for 2 hours, respectively. The
Ce3* concentration of 36 % after the reduction of the ultra-thin film is different from other
values obtained in previous works on Pt supported cerium oxide films3® because the degree
of reduction strongly depends on the film thickness and annealing time.

The important question is if surface contaminants are adsorbed on the air exposed ceria
film and if these can be removed by oxygen annealing. The Ols spectra in Figure 2b show
relevant modifications with the different treatments. The spectra were fitted using three
components, peak 1 (529.1 eV), assigned to oxygen bound to Ce*" 240 peak 2 (530.1 eV),
assigned to oxygen bound to Ce3" 2940 and peak 3 (531.5 eV), assigned to hydroxyls and/or

H,0 molecules?h42

. The peak areas obtained from the fit of the spectra after the different
treatments are reported in Table S5 of the Supporting Information. After the annealing
of the sample in oxygen, the shoulder (peak 3) disappeared and peak 1 remained almost
unchanged, whereas the following reduction by UHV annealing induced an increase of the

intensity of peak 2 and a decrease of the intensity of peak 1, as expected considering the

increase of Ce*"concentration form 5% to 36% determined from the Ce3d analysis (see Table
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Figure 2: X-ray photoemission Ce3d (a), Ols (b) and Cls spectra (c). The black, red and
blue spectra show the film as-introduced into the UHV chamber after air exposure, after an
annealing at 650 °C in 1.0 x 1077 mbar O, during 15 minutes and after a UHV annealing at
630 °C during 60 minutes, respectively. The solid lines are fits of the spectra.

S5 of the Supporting Information). The large Cls peak at ~ 284.5 eV (Figure 2c) shows
that the as-introduced film initially carried some carbon. After the annealing of the sample
in oxygen, the peak almost disappeared and remained on the same extremely low level after
the following annealing in UHV.

The XPS data clearly show that ultra-thin ceria films are prone to same surface reactions
when exposed to the ambient air as thick ceria films?*. We speculate that during the air-
exposure, water and carbon containing gas molecules get adsorbed on the film surface, which
explains the strong hydroxyl and carbon peaks in the spectra. Alongside, a fully oxidized
ceria film does not get much reduced upon air exposure due to the net oxidation effect in the

ambient air, as also observed on ceria films on Si(111)43. The oxygen annealing removes the
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hydroyls, presumably by forming water, and the carbon species forming probably CO and
COs. After the oxygen annealing, the ceria film is perfectly clean in its fully oxidized form of
CeO,(111) like thick ceria films?3. Important to remark is that the film with its long-range
crystallinity and the characteristic network morphology remained amazingly stable.

Stability with redox cycles. In our previous work!?, we qualitatively described
changes of the film morphology upon a reduction and oxidation of ceria. Here we present a
quantitatve analysis of such morphological changes, with the help of several reduction/oxidation
experiments conducted in two complete redox cycles as shown in Figure 3 and summarized
in table S1 of the Supporting Information. The first redox cycle started with the oxygen
treatment described above, with the image in Figure 3a being the same as image 1 in Figure
lc. We conducted a second oxidation of the film with the same temperature and oxygen
pressure (Figure 3b) and subsequently reduced the film by UHV annealing at 639 °C for
1.5 hours (Figure 3c). To test the stability of the film and detect any changes of the film
morphology in dependence on the annealing temperature and time, we conducted a second
reduction at a higher temperature of 700 °C for 1 hour (Figure S2 in the Supporting Infor-
mation) and a third one at 580 °C for 8 hours (Figure 3d). The second redox cycle started
with an oxydation of the film at 600 °C for 1 hour (Figure 3e) and finished with a following
reduction at 640 °C for 1.5 hours (Figure 3f).

After the first oxydation of the first cycle (Figure 3a), the ceria film exhibited islands
at least 2 ML high (see Section 4.4 in the Supporting Information), in agreement with our
previous observations®. Adjacent edges of the islands formed angles of mainly 120° as we
observed before!®. After the second oxidation (Figure 3b), the characteristic ’120° shape’
became more pronounced whereas the surface coverage of the ceria film (~ 66 % (a) and ~ 67
% (b)) did not change significantly considering the experimental error of 6 % (see Section 4.5
in the Supporting Information). Upon reduction (Figure 3c,d), the characteristic 120° angles
almost disappeared but the atomic flatness of the film and the island height did not change.

An important observation is that the surface coverage of the film decreased to ~ 59 % after
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Figure 3: Morphology of the 2.3 ML ultra-thin ceria film during 2 redox cycles. All images
show the topography whereas most of them were obtained by nc-AFM, despite one STM
image (b). Images in a red colour were obtained after an oxidation step whereas images in a
yellow colour were obtained after a reduction step. The annealing in oxygen was done with
an oxygen pressure of pos = 5.0 x 1077 mbar. STM parameters: (b) Ugi.s = 1.0, I = 0.06,
v = 1.0 Hz, nc-AFM parameters: (a) Af = —11.1 Hz, fo = 300.0 kHz, (¢) Af = —13.6 Hz,
fo=314.9 kHz, (d) Af = —10.4 Hz, fo = 78.1 kHz, (e) Af = —10.1 Hz, f, = 75.2 kHz, (f)
ANf =—189 Hz, fo = 75.2 kHz, all: v = 0.5 Hz, scale bars: 50 nm.
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the first reduction (Figure 3c), then to ~ 56 % after the second reduction at 700 °C (Figure
S2 in the Supporting Information) where it remained at ~ 56 % after the third reduction
(Figure 3d). The decrease of surface coverage is reversible upon oxidation of the ceria ultra-
thin film: a comparison of Figure 3d and e shows that the coverage increased significantly
from ~ 54 % to ~ 70 % with reoxidation (Figure 3e) whereas it drops again upon a following
reduction to ~ 54 % (Figure 3f). Note that all the latter values can vary from site to site
on the entire surface of the crystal, and they also depend on the image quality (see Section
4.5 in the Supporting Information). The reported values merely illustrate the trend of the
coverage, which is going towards smaller values when reducing the film, and vice-versa.

Overall, even after a very long reduction at high temperatures, the film coverage decreases
down to a saturation value of only oycera &= 55 % (support: OrCeria_support ~ 49 %), while
the oxidized film covers the surface up to a saturation coverage of oceo2 = 70 % (support:
0Ce02 support = 30 %). The decrease and the increase of the surface coverage have to be
related to a significantly large loss or gain of ceria film material, which is discussed in the
next Sections.

The good long-range crystallinity did not change with the reduction and oxidation cycles,
as shown by the LEED image (Figure 4). Around the ceria-related spots six new satellite
peaks appeared after reduction (see gray circles in Figure 4d). The distance between the
satellite peaks is compatible with a three times smaller periodicity with respect to the ceria
surface lattice. A (3 x 3) periodicity was already observed after the growth of metallic
cerium atoms on an ultra-thin ceria film* and by mild temperature heating in an hydrogen
partial pressure®’, and it was ascribed to the Ce3O5 phase**. This reduced phase has a Ce3*
concentration of around 67 %, significantly higher than the one measured for the film here.
For this reason, in agreement with Ref. 19, we ascribe the LEED pattern observed after
reduction to a situation, in which the film has not fully reached the stoichiometry nor the
full (3 x 3) periodicity of the Ce3O5 phase.

Work function. The analysis of the WF supplies additional information about the
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Figure 4: LEED images of the 2.3 ML ultra-thin ceria film after its oxidation (a,b) and
following reduction (c¢,d) during the second redox cycle. The LEED image (b) and (d) show
subtle details with an increased contrast in the region of image (a) and (c), respectively,

marked by the dotted gray squares. The LEED images were obtained at an energy of 65 eV.

changes of the morphology that appear during a redox step. For this purpose, we conducted
KPFM experiments during the second redox cycle on the ultra-thin ceria film and analyzed
possible WF changes of the Pt(111) surface induced by ceria. Figure 5 shows the film after
the first oxygen annealing (a,b) and after the following reduction (c-d). The images in Figure
ba and ¢ show the surface topography whereas images (b) and (d) represent the surface WEF.
A pair of images (e.g., a and b) was recorded in one single KPFM measurement.

Basically three Pt terraces can be found in Figure 5a (label Pt1 to Pt3), which are all
separated by integer values of the basic step height of the Pt(111) surface (hpy = apy it/ V3~
2.26 A) (see Table S6 in the Supporting Information). The CeO, islands have a height of
either two or three ML (see Table S7 in the Supporting Information), which can be seen by

the gray horizontal lines in the profile of Figure Ha: the distance of two lines equals the single
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Figure 5: The 2.3 ML ultra-thin ceria film after its oxidation (a,b) and reduction (c-d)
during the second redox cycle. The film was oxidized at 600 °C in 5.0 x 107 mbar O,
during 60 minutes whereas afterwards it was reduced by UHV annealing at 639 °C during
100 minutes. The images on the top (a,c) show the surface topography (z) and the images
at the bottom (b,d) the WF. Images (a,b) were obtained in one single KPFM experiment.
The same applies for images (c,d). All labels in the images and profiles (a,c) are explained
in the text. KPFM parameters: (a,b) Af = —14.0 Hz (¢,d) Af = —19.0 Hz, all: f, = 75.2
kHz, f.. = 650 Hz, U,. = 500 mV, v = 0.5 Hz, scale bars: 10 nm.

ML height, which is given by hceo2 = aceo2.1it/ V3 =13.12+0.01 A, with the lattice constant
of CeOy being aceo21it = 5.41 £ 0.01 A (see Table S3 in the Supporting Information). Note
that this height can also be assumed for ceria at the interface with Pt(111) since a quite
similar value was recently found by TEM (3.07 to 3.10 A)%.

The corresponding WF image (Figure 5b) exhibits strong contrast changes in the range
of ~ 0.8¢eV (see profile). A comparison with the topography image (Figure 5a) shows that

the uncovered substrate surface has a higher WF (bright regions) than the oxidized film
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(dark gray regions). An analysis of also other KPFM images yields a mean WF difference of
around A@ceo2/pi-pt = Pceo2/pt — Ppty ~ —0.55 £ 0.05 eV between ceria on Pt(111) and the
free Pt(111) support. Note that some regions of the islands decrease the WF even more by
~ —0.2 ¢V (e.g., compare region (1) with (2)) so that the WF difference can reach a value
of even Agceoz/pr-pt = —0.75 £ 0.05 eV.

After the reduction of the film (Figure 5c¢ and d), most of the terraces (label Ptx) are
separated by an integer value of a single step with a height of hpy /~ 2.5 £ 0.3 A (horizontal
light red lines in the profile) - a value that will be discussed in the next section. A major
observation is that a few other terraces of the support (label Pt) are not separated by an
integer value of hpi, from the Ptx terraces: as it can be seen in the exemplifying profile in
Figure 5c such terraces (dashed red line) are somewhat in between two Ptx terraces (light
red lines). An analysis of the height difference between the Pt and Ptx terraces (see Section
4.4 of the Supporting Information) yields values ranging from hpypyx =~ 0.7 to ~ 1.6 A,
which are clearly below the single Pt step height of hpy ~ 2.26 A. An extensive analysis
of the height differences between the support and the ceria islands (see Section 4.4 in the
Supporting Information) shows that it is very difficult to determine the height of the ceria
islands due to the two existing support regions Pt and Ptx. A rough estimation leads to
ceria island heights between one and three ML measured from the Pt regions (see Table S8
in the Supporting Information). Note that for the partially reduced ceria film in Figure 5c,
we assume a single ML height that is close to the one of CeOy (hceoz = 3.12 £ 0.01 A)

When comparing the topography image (Figure 5¢) with the one of the WF (Figure 5d),
a second major observation can be made with respect to the support: at the few terraces
labeled by Pt, which make 0,ceria_pt = (5 £ 4) % of the entire surface, a very high WF
can be seen (bright contrast). In comparison, the WF of the other terraces (label Ptx, gray
contrast) is lower by Adpix.ps = dpix — ¢p ~ —0.20 = 0.05 eV. This automatically means
that the chemical composition of the support is different in these two surface regions.

On the reduced ceria film, the WF is decreased with respect to the Ptx terraces (dark gray
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regions), reaching a mean WF difference of A¢,ceria /Pt-Ptx = PrCeria/Pt — Pptx = —0.40 £ 0.05
eV. Considering the Pt terraces the difference is even larger: it is around A¢;ceria/pt-pt =~
—0.60 £ 0.05 eV. Note that there are some small regions of the film, which decrease the WF

even more by ~ —0.1 ¢V (e.g., compare region (1) with (2) in Figure 5d).

DISCUSSION

The uncovered Pt support. Some interesting aspects observed during the reduction /oxidation
of the Pt supported ceria film require further discussion. The reversible decrease of the ox-

ide film coverage upon reduction is ascribed to a reversible loss of cerium oxide during the
vacuum thermal cycle, since no evident increase of the average ceria height was observed.

Before any detailed interpretation of the observed behaviour of the ceria films with re-
ducing and oxidizing treatment is given, the chemical composition of the different phases
observed on the support of the reduced ceria film has to be clarified. This is also needed
in view of the determination of absolute WF values, which is particularly useful for a clear
understanding of ceria’s WF reduction. In the following, we therefore focus first on the
reduced ceria film in Figure 5c and d.

It is clear that the chemical composition of the two regions, Pt and Ptx, must be different
and that only oxygen or cerium in the ceria film can play a role in a possible change of the
Pt(111) composition. With respect to oxygen, the surface WF generally increases when
oxygen is dissociatively adsorbed on the Pt(111) surface, as experimentally observed by the
classical Kelvin probe technique (WF changes of up to A¢ = +0.3 eV)*" and ultraviolet
photoemission spectroscopy (WF change of A¢ = +0.54 eV for 0.75 ML of O)*, and as
calculated by density functional theory (DFT) (A¢ = +0.8 eV for 1 ML of O)*. This
leads then to the hypothesis that oxygen is adsorbed in the Pt regions whereas the Ptx
regions are made from clean Pt(111). However, it is unlikely that atomic oxygen is adsorbed

in well-confined tiny regions only, which make 5 % of the surface, while a rather uniform
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distribution of oxygen on the entire, uncovered support is expected. Furthermore, in the
conditions used for the present study, a possible adsorption or oxidation of the Pt(111)
surface is also very unlikely: temperature programmed desorption (TPD) experiments show
a ’last peak’ of oxygen desorption at 477 °C®° and 577 °C5!. Furthermore, photoemission
XPS®%2 and X-ray diffraction/reflectivity measurements® after a high pressure exposure of
oxygen on Pt(111) show almost no oxygen after a vacuum post-annealing at 690 °C and 447
°C, respectively. In comparison to all the latter literature results, a temperature of 640 °C
and relatively long annealing times of hours were used for the reduction experiments in this
work. We therefore believe that the Pt and Ptx regions cannot be assigned to atomic oxygen
on Pt(111) and to bare Pt(111), respectively.

The only candidate that remains is cerium, which we believe is built into the Pt(111)
surface upon a reduction of the ceria film, forming a CePt alloy even at 640 °C as stated
in Ref. 54. Depending on the temperature and amount of cerium, the CePt alloy forms
several new atomic structures that could be all atomically resolved in several STM works
and revealed by LEED?5 275456 Unfortunately, we did not obtain any high resolution to
prove its existence, probably due to the temperature of 640 °C2® that was slightly too low
for the creation of the otherwise highly ordered alloy structures that were observed at 730
°C in Ref.?°.

If cerium forms an alloy with platinum, the surface WF certainly changes due to a
different electronic structure with respect to pure Pt(111). And indeed, a DFT calculation
shows that for several surface configurations of CePts, which is the most stable structure for
the alloy in general, the WF is at least as high as the WF of Pt(111), if not smaller®” (note
that the WF of cerium is ¢ce pory = 2.9 eV58). The most stable surface configuration is fomed
by layers of Pt,/CePty/Pts on Pt(111) (see Figure S6b in the Supporting Information) and
has a WF that is by A¢cepis/pe111)-pei11) = —0.25 €V lower than the one of Pt(111)57, which
perfectly agrees with our experimental value of A¢py.p; ~ —0.20 £+ 0.05 eV.

If the latter predicted WF reduction is considered, we may do the following assumption:
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the regions of the support with a high WF (label Pt) in Figure 5¢ and d can be assigned
to pure Pt(111) (Pt=Pt(111)). The other regions with a A¢pipix =~ —0.20 £ 0.05 eV
lower WF (label Ptx) are then regions covered by the alloy, which we assume to be CePts
for simplicity. If so, one interesting observation can be made concerning the coverage: in
the following, we only consider the values of the second redox cycle. After the reduction
of the ceria film, the uncovered Pt(111) makes only OrCeria_Pt = D % of the entire surface
area, which is much smaller than the surface area of the uncovered Pt(111) support when
the film is in its oxidized form (0ce02 support = 30 %). From this it follows that during the
reduction of an oxidized ceria film, large parts of the uncovered Pt(111) support are supplied
with cerium atoms to form the alloy. This can only happen by a lateral transport of cerium
atoms released from the shrinking ceria film to regions of the uncovered Pt(111) support.
The question now is if the amount of released cerium atoms is compatible with the fraction
of surface covered by the CePts alloy (0rceria_alloy = TrCeria_support — OrCeria_pPt ~ 41 %). As
shown in detail in the Supporting Information (see Section 4.6, Model 1), the amount of
cerium atoms released during the reduction process is enough to cover a surface fraction of
OrCeria_alloy,cale = 063 % by a one monolayer thick CePts alloy. This value is significantly larger
than the experimental one (0yceria_alloy = 41 % Or even oyceria_support = 46 %), suggesting
that part of the cerium might be involved in the formation of an alloy that is more than

% However, because the surface

one monolayer thick or richer in cerium in some regions
coverage of the reduced ceria film remains constant even after a very long annealing time at
high temperatures, there must be a balance between the decrease of the ceria film coverage
and the formation of the alloy. In other words, a mechanism must stop the decomposition of
the ceria film. In a second model (see Section 4.6 in the Supporting Information, Model 2) we
hypothesize that the CePt5 alloy is only one monolayer thick, and that the reduced ceria film
and the alloy cover the entire surface. With these assumptions, we obtain a value of around

OrCeria alloy,cale = 40 %, which is very close to the experimental value (0yceria alloy =~ 41 % or

even OrCeria_support = 46 %). This confirms the initial hypothesis that the gray regions in the
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WF image (Ptx regions in Figure 5d) are covered by a surface alloy with a composition close
to CePt; and with a thickness close to one monolayer.

For a Pt-Ce alloy like CePts, it is expected that the first atomic interlayer distances at
the surface are different with respect to the interlayer distances of pure Pt(111)57. Although
steps are not discussed in the latter and other work, differences in the interlayer distances
can principally explain our observation of the small step heights hpi_p, when passing from
a Pt to a Ptx region (Figure 5¢). Note that such small steps were also observed between
Pt(111) and a Pt-Ce alloy by STM?%54. However, it remains unclear why the Ptx terraces
are separated by an integer value of hpy &~ 2.5 £ 0.3 A, which is ~ 0.3 A larger than the
single step height of Pt(111) (hp, &~ 2.26 A): if all Ptx terraces are formed by one and the
same type of single layer alloy they should be separated by an integer value of hp;. The
single step heights measured for Pt and Ptx actually agree within the error, so that it can
be assumed that both values represent indeed the single step height of Pt(111). However, if
this is not the case we speculate that the density of cerium may slightly differ on the Ptx
terraces, which might explain the higher step height hAp.

Concluding this Section, we propose the following mechanism for a redox cycle of ceria
on Pt(111): upon reduction of ceria, the ceria film looses oxygen, which leaves the sample
in form of Oy, but also cerium, which goes onto the uncovered Pt(111) support forming
a one monolayer CePts-like alloy. The latter reduces the WE by A@cepes/pe(i11)-pe(111) ~
—0.20 £ 0.05 eV. In turn, when the reduced film is oxidized, all the cerium in CePt5/Pt(111)
is consumed to form new ceria, as also shown by other experiments?® 2™%*. Therefore the
Pt(111) support serves as a reservoir for cerium atoms during a reduction of ceria. The
Pt(111) support then releases the cerium atoms upon oxidation such that new ceria is formed.

WF reduction by ceria. Thanks to the identification of the support in the case of the
reduced ceria film, we can now focus on the WF reduction of the ceria film. If we consider the
reduced ceria film, we find a mean WF reduction of A¢,ceria/pe-pe & —0.60 £ 0.05 eV of the

Pt(111) surface by the ceria film. Interestingly, for the oxidized film we find a slightly smaller
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mean WF reduction of A¢ceoz/pe-pt = —0.5540.05 eV between CeO4 on Pt(111) and the pure
Pt(111) support. Note that the work function difference of Apceo2/pr-pt — A@rceria/prpy =
APceo2/pt - rCeria/pt ~ 50 meV between oxidized and reduced ceria was also observed on CeO,

60 Furthermore, on the oxidized as well as on the

nanoparticles reduced by CO exposure
reduced ceria film, small ceria regions further decrease the WF by up to ~ —0.2 eV.

So far, we have no clear explanation for the relatively strong WF reduction of the Pt(111)
surface by the ceria film. We can only state that the ceria film follows the general trend of

61. for instance, it has been

ultra-thin oxide films to modify the WF of the metal surface
shown that MgO ultra-thin films strongly reduce the WF' of metal supports by more than
1 eVO 63 as indeed experimentally verified on MgO/Ag(001)5%55. In general, the basic
mechanism behind is a net dipole formed at the film-support interface, which is a result
of either a compressive electrostatic effect or of a net charge transfer between the film and

t%1. Both mechanims strongly depend on the nature of the metal support,

the metal suppor
and they can appear at the same time whereas their interplay quite often determines the
resulting sign of the WF change®!.

66,67
)

A charge transfer at individual Ce, O and Pt atoms can be positive or negative and

a net charge transfer from Pt to the film is expected for ceria ultra-thin films on Pt(111)46:67,
This is similar to the situation of ceria films on other metal surfaces with a low WF like
Cu(111), Ag(111) and Au(111) where also a net charge transfer from the metal to the film
is expected, which by itself would imply a positive WF change. Compressive electrostatic
effects or surface relaxations may compensate the charge transfer induced dipole and explain
the observed WF reduction, altough this possibility remains simply speculative. Unknown
remains also the further WF decrease of some small ceria regions, which we speculate to
be possibly ascribed to differences in the atomic structure. Overall, to shed more light

onto ceria’s WF reduction on Pt(111) an extensive and complete WF analysis by denisty

functional theory (DFT) has to be accomplished in future.
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CONCLUSIONS

With the help of LEED, STM, nc-AFM, KPFM and XPS we have shown that the morphol-
ogy and crystallinity of UHV prepared ultra-thin cerium oxide (ceria) films on Pt(111) do
not change when they are exposed to the ambient air and cleaned from surface contami-
nations by annealing in molecular oxygen at a temperature of 650 °C. In view of a recent
work accomplished on thick ceria films?®, we can conclude that any ceria sample can be
transported in air and cleaned afterwards in oxygen, without significant modifications in
structure, morphology and stoichimetry.

With the help of STM and nc-AFM experiments, we show that in a redox cycle the ceria
film shrinks (expands) upon a reduction (oxidation) step, without loosing its crystallinity as
verified by LEED. Thanks to the latter experiments and KPFM, we can assume that cerium
atoms are incorporated into the Pt(111) forming an alloy during reduction, which changes
the WF of the support as observed by KPFM (A¢cepss /pi111)-pra11) = —0.20 = 0.05 eV).
Our model explains such redox phenomena by considering the role of the Pt(111) support:
it serves as a reservoir for cerium (reduction), which can form new ceria on Pt(111) during
an oxidation step.

Surprisingly, our KPFM experiments show that the WF of the Pt(111) support is reduced
by a clean ultra-thin ceria film, independently on the oxidation state of the film. Oxidized
ceria in the form of CeO4(111) reduces the Pt(111) WF by A¢ceo2/pe-pt = —0.55 = 0.05 €V,

whereas reduced ceria lowers it by A¢,ceria/pt-pt & —0.60 £ 0.05 V.
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