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ic ultrathin zirconia films cause
strong metal–support interaction†

Peter Lackner, Joong Il Jake Choi, ‡ Ulrike Diebold and Michael Schmid *

The strong metal–support interaction (SMSI) leads to substantial changes of the properties of an oxide-

supported catalyst after annealing under reducing conditions. The common explanation is the formation

of heavily reduced, ultrathin oxide films covering metal particles. This is typically encountered for

reducible oxides such as TiO2 or Fe3O4. Zirconia (ZrO2) is a catalyst support that is difficult to reduce and

therefore no obvious candidate for the SMSI effect. In this work, we use inverse model systems with

Rh(111), Pt(111), and Ru(0001) as supports. Contrary to expectations, we show that SMSI is encountered

for zirconia. Upon annealing in ultra-high vacuum, oxygen-deficient ultrathin zirconia films (zZrO1.5)

form on all three substrates. However, Zr remains in its preferred charge state of 4+, as electrons are

transferred to the underlying metal. At high temperatures, the stability of the ultrathin zirconia films

depends on whether alloying of Zr and the substrate metal occurs. The SMSI effect is reversible; the

ultrathin suboxide films can be removed by annealing in oxygen.
1 Introduction

Already in the late 1970s, Tauster et al. reported a strong change
in reactivity aer annealing oxide-supported catalysts under
reducing conditions.1–3 This increase or decrease of reactivity,
depending on the reaction, seemed to stem from an interaction
between metal particles and their oxide support, hence the
effect was named “strong metal–support interaction” (SMSI).
The effect is reversible; the original state can be recovered by
reoxidation. The SMSI effect was studied intensively, as the
change in reactivities can be used for tuning the selectivity of
oxide-supported catalysts towards the desired end product.4 For
the prototypical oxide support TiO2, it was shown later that the
SMSI effect was due to a heavily reduced oxide lm (TiO1.1)
encapsulating Pt clusters.5,6 Thus, the much weaker interaction
of CO and H2 with the surface in the reduced state nds
a simple explanation in the adsorption properties on a metal
(oxidized state) vs. a substoichiometric oxide (reduced state).
This explanation, probably rst considered by Meriaudeau
et al.,7 was also applied to many other combinations of reduc-
ible oxides and metals, e.g. Pd/TiO2,8 Fe/TiO2,9 Pt/Fe3O4,10 and
Pt, Pd, Rh/CeO2.11 This mechanism is very different from the
original idea of a modication of the metal's electronic struc-
ture by the oxide support, which had led to the term “SMSI”.12

Nevertheless, the term SMSI is still used for this phenomenon.
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Early SMSI studies of Ir on different oxide supports found that
the tendency of the system to exhibit the SMSI effect depends on
the reducibility of the support.2 Formaterials commonly seen as
hard to reduce or non-reducible, such as HfO2 and ZrO2, no
effect was found that went beyond cluster agglomeration. This
is in agreement with the explanation of the SMSI effect as
covering the metal by a reduced oxide lm (suboxide). Only later
it was shown that SMSI can also be encountered for Rh/ZrO2,13

Pt/ZrO2,14–16 and Au/ZrO2.17 In view of the fact that ZrO2�x sub-
oxides are unstable or at best marginally stable,18,19 the question
arises whether the accepted mechanism of the metal being
coated by a suboxide is also responsible for the SMSI effect on
zirconia.

In this work, based on inverse model systems of zirconia on
Rh(111) (used for most of this work), Pt(111), and Ru(0001), we
show that reducing conditions indeed lead to the formation of
oxygen-decient ultrathin zirconia lms covering the metal,
although Zr remains in its oxidized, 4+ charge state. The
ultrathin lms can be removed by oxidation. The inuence of
the substrate on the growth behaviour is studied in detail.
2 Experimental methods

The ultra-high vacuum (UHV) system used in this work is a two-
vessel setup consisting of separate chambers for preparation
and analysis. The preparation chamber (pbase < 1 � 10�10 mbar)
features a sputter gun and heating possibilities to clean the
substrate single crystals. Furthermore, a home-built, UHV-
compatible sputter source20 for the deposition of Zr is moun-
ted in the chamber. The analysis chamber (pbase < 7 � 10�11

mbar) features an Omicron microSTM for scanning tunneling
J. Mater. Chem. A, 2019, 7, 24837–24846 | 24837
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microscopy (STM) at room temperature as well as a SPECS
Phoibos 100 analyzer, which was used for X-ray photoelectron
spectroscopy (XPS, emission 15� off-normal) in combination
with a lab X-ray source (non-monochromatized Mg Ka). The
whole system is suspended on springs for vibration damping.
For STM we used etched W tips, which were cleaned by pulsing
on a Au(110) crystal, and by sputtering. Atomically resolved STM
images in this work are corrected for piezo dri as described in
ref. 21, which ensures accurate distance measurements.

We used inverted model systems of supported catalysts on
ZrO2. The reason for this is that zirconia has a band gap of 5–6 eV
(ref. 22) and is therefore a perfect insulator, precluding the use of
STM on bulk material and complicating XPS studies due to
charging effects. Few-monolayer-thick lms of zirconia can be
studied by STM, as shown by Maurice et al.23 and Meinel et al.24

Rh(111) was chosen as the main substrate as its lattice parameter
ts to zirconia with a ratio of 4 : 3, resulting in zirconia lms with
well-dened crystallography.25 The substrate single crystals,
Rh(111), Pt(111), and Ru(0001), have a diameter ofz7–9mmand
a thickness of 2 mm. Aer a standard cleaning procedure of
several cycles of sputtering (2 keV, It ¼ 3.6 mA cm�2) and
annealing (T ¼ 850 to 950 �C), Zr was deposited in Ar and O2

background (pO2
z 5 � 10�7 mbar, pAr z 1 � 10�5 mbar in the

UHV chamber) using the sputter source.20 The application of this
source is benecial as Zr is difficult to evaporate due to its low
vapor pressure even near the melting point (2128 K), and the
sputter-deposited lms exhibit better stability than lms depos-
ited by evaporation.25 We dene one ZrO2 monolayer (ML) as one
repeat unit of cubic ZrO2(111), or tetragonal ZrO2(101), with
a thickness ofz0.3 nm. Sample temperatures were controlled via
a thermocouple attached to the sample holder, rather than to the
sample plate or the sample directly. This leads to a systematic
error, which was corrected by additional measurements with
a disappearing-lament pyrometer. We estimate that the
temperature values in this work are accurate within �30 �C.
Samples were annealed for 10 min unless noted otherwise.
2.1 Zirconia on Rh(111)

The preparation of an inverse model system of zirconia on
ametal starts with the sputter-deposition of a closed zirconia lm
on a clean Rh(111) single crystal. Upon annealing a 5 ML ZrO2

lm in O2 (T > 750 �C, usually pO2
¼ 5 � 10�7 mbar), zirconia

begins to dewet the surface, see Fig. 1a and b. ZrO2 migrates to
the top of the lm, locally increasing the total height of the lm
by one layer (z0.3 nm), and the Rh surface gets exposed.

To increase the free Rh surface, and thereby increase the area
where the SMSI effect can be studied, only two monolayers (ML)
of zirconia were deposited on the substrate. The sample was
oxidized at a pressure of 5 � 10�7 mbar at 870 �C. During this
annealing step, zirconia forms islands and reveals the substrate
in-between the islands, see Fig. 1d. The substrate either shows
a Rh(111) (1 � 1) structure or a (2 � 1)-O superstructure,
depending on the oxygen pressure during cooling, see below.
The (2 � 1)-O superstructure is seen in the inset of Fig. 1d. (A
study of the surface of a mildly annealed 2 ML-thick lm is
found elsewhere.25) When exposing the sample to reducing
24838 | J. Mater. Chem. A, 2019, 7, 24837–24846
conditions by annealing at 870 �C in UHV instead of oxygen, an
ultrathin lm is formed that covers the Rh surface completely,
see Fig. 1e. The total amount of zirconia in the islands decreases
drastically. The remaining islands cover only z2% of the
surface with an average height of about 5 ML, thus they
accommodate only z5% of the material deposited. The ultra-
thin lm between the islands can be assumed to be one layer of
zirconia(111); the remaining Zr must be dissolved in the Rh
substrate (see below). The process is reversible; the ultrathin
zirconia lm disappears upon annealing in oxygen, the ZrO2

islands grow in size, using both Zr in the ultrathin lm and Zr
dissolved in the metal. The total amount of zirconia on the
sample decreases with each reduction–oxidation cycle, as some
Zr is lost to the bulk. For an initial deposition of 2 ML, 10% of
the total Zr is lost aer the rst reduction–oxidation cycle. The
reduction–oxidation cycle is sketched in Fig. 1c, both for inverse
model systems and for real catalysts.

A closer look at the ultrathin lm reveals a hexagonal lattice
with interatomic distances of 0.35 nm, as is typical for ultrathin
zirconia lms,21,26 see the Fourier transform (FFT) in Fig. 1e.
When comparing two domains rotated by a multiple of z60�,
their lattices agree within 1%, demonstrating that the devia-
tions from an exactly hexagonal structure are small. The lattice
constant of 0.35 nm is also conrmed by LEED (not shown),
when using a tetragonal zirconia lm and the Rh(111) lattice as
a references. STM images without atomic resolution mainly
show a moiré pattern, typically with a zigzag appearance (insets
of Fig. 1e), which is however gradually lost when annealing at
higher temperatures (for details see Fig. S1 in the ESI†).

Aer annealing in pO2
¼ 5 � 10�7 mbar, a (2 � 1)-O super-

structure as in the inset of Fig. 1d can form on the Rh(111)
surface between the multilayer zirconia islands. Whether or not
the superstructure forms depends on the oxygen pressure pO2

(or
chemical potential m1/2O2

) during cool-down.27,28 To test whether
the disappearance of the ultrathin zirconia lm upon annealing
in oxygen is inuenced by oxygen adsorption on the Rh(111)
surface, the experiment was repeated with a different m1/2O2

during cooling. Instead of keeping constant pO2
¼ 5� 10�7 mbar

during cooling down to z300 �C, the sample was cooled from
870 �C to z730 �C while keeping the chemical potential of
oxygen constant at m1/2O2

¼�2.3 eV, where the coverage of oxygen
on Rh(111) should be very low.27,28 Below 730 �C, where a pressure
of p < 1 � 10�9 mbar was reached, no more oxygen was supplied
to the chamber. At this pressure, the impingement rate is low
enough to have no effect on the lm formation. The resulting
surface was similar to the one cooled in O2, as zirconia islands
had still formed and the ultrathin lm was removed. Between the
islands, however, the bare Rh(111) substrate was observed
instead of the (2 � 1)-O superstructure (not shown). In all other
aspects, the result was indistinguishable from one found while
cooling in O2, e.g. subsequent annealing in UHV led to the
formation of an ultrathin zirconia lm.
2.2 Zirconia on Pt(111) and Ru(0001)

To examine whether the observed phenomena are specic to the
Rh(111) substrate, we have studied ZrO2 lms on two other
This journal is © The Royal Society of Chemistry 2019
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Fig. 1 The inverse model catalyst ZrO2/Rh(111). (a) STM image of a 5 ML (1.5 nm)-thick ZrO2 film on Rh(111) after annealing at 750 �C in O2 shows
the beginning of dewetting, as sketched in (b). A few holes reach down to the Rh substrate, and the expelled oxide migrates onto the film. (c) The
standard SMSI mechanism leading to metal particles being overgrown by substoichiometric oxide films, as well as the mechanism on inverse
model systems. (d) 2 ML of zirconia/Rh(111) after annealing at 870 �C in O2: zirconia dewets the substrate and forms islands. (Inset) Rh(111)–(2 �
1)-O superstructure from cooling in oxygen. (e) After annealing at 870 �C in UHV, less zirconia is contained in islands, and the surface is covered
with an ultrathin zirconia film. The STM insets show the ultrathin film with a zigzagmoiré-pattern (marked in orange) in a usual resolution (lower),
and high resolution (middle). The Fourier transform (top) clearly shows a 0.35 nm periodicity (blue circles).
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metals, Pt(111) and Ru(0001). Fig. 2a shows a zirconia lm of
z5 ML thickness deposited on Pt(111) and annealed at 640 �C
in UHV directly aer sputter deposition, leading to the forma-
tion of zirconia islands and an ultrathin zirconia lm in
between. The ultrathin zirconia lm shows a Zr–Zr distance of
0.350 � 0.003 nm, as also observed for the ultrathin zirconia
lms on Pt3Zr(0001) (ref. 26) and Pd3Zr(0001).21 The moiré

pattern in the inset of Fig. 2a exhibits the same ð ffiffiffiffiffi

19
p � ffiffiffiffiffi

19
p Þ

superstructure (w.r.t. the substrate) as ultrathin zirconia lms
on Pt-terminated Pt3Zr(0001).26 The creation of the ultrathin
lm can be reversed by annealing at 640 �C in 5� 10�7 mbar O2,
see Fig. 2b.

The following experiments show that the formation of
ultrathin lms on Pt(111) depends on the preparation condi-
tions and lm thickness, in contrast to Rh(111). When rean-
nealing the oxidized lm at 640 �C in UHV, no ultrathin lm
forms. Only upon annealing at 750 �C in UHV, z1/4 of the
This journal is © The Royal Society of Chemistry 2019
surface is covered with an ultrathin zirconia lm, whilez1/3 of
the surface is still bare Pt, see Fig. 2c. The same lm was
annealed in pO2

¼ 5 � 10�7 mbar at 640 �C (which removes the
ultrathin lm), followed by annealing in UHV at 860 �C (Fig. 2d);
the surface remains covered by ZrO2 islands, yet the ultrathin
lm is not found, although increasing the temperature at
a constant (though negligible) O2 pressure corresponds to more
reducing conditions. In a second experiment, an ultrathin lm
could also be produced by annealing 2 ML of ZrO2 on Pt(111) at
640 �C in 5 � 10�7 mbar O2 followed by 30 min of UHV
annealing at the same temperature (not shown).

SMSI zirconia lms on Ru(0001) grow similarly to Rh(111), in
contrast to Pt(111): aer annealing 1.5 ML of ZrO2 on Ru(0001)
at 950 �C in pO2

¼ 5 � 10�7 mbar, islands form. UHV-annealing
at 850 �C leads to patches of ultrathin zirconia around islands,
see Fig. 3a. These patches show a similar zigzag pattern as on
Rh(111). Aer annealing at T ¼ 900 �C in UHV, the ultrathin
J. Mater. Chem. A, 2019, 7, 24837–24846 | 24839
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Fig. 2 The SMSI effect of zirconia on Pt(111): (a) annealing at 640 �C in UHV after deposition yields an ultrathin oxide film between islands. The

inset shows an STM image of the ð ffiffiffiffiffi

19
p � ffiffiffiffiffi

19
p Þ moiré pattern of the ultrathin film and its FFT. (b) The ultrathin film is completely removed by

annealing at 640 �C in O2; the inset shows the Pt(111) lattice. (c) An ultrathin zirconia film, partially covering the Pt, forms again by annealing at
750 �C in UHV, but is removed (d) when annealing at 860 �C in UHV. The islands in (a) and (c) show artifacts (“shadows”) due to an imperfect STM
tip.
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zirconia fully covers themetal substrate (and, as for Rh(111), the
zigzag pattern disappears). This ultrathin lm has an under-
lying hexagonal pattern with rows of bright features on top, see
inset of Fig. 3b. Even at 1000 �C, the ultrathin lm is not
removed, in stark contrast to Pt(111). Instead, the lm shows
weakly ordered, z100 pm high protrusions when measured
with high STM bias (Vsample ¼ +2 V), see Fig. 3c. However, at low
STM bias (Vsample ¼ +0.01 V), an ordered structure with
a hexagonal lattice is resolved, see Fig. 3d. In the FFT (see
Fig. 3e), both the Ru(0001) lattice and the typical lattice of
ultrathin zirconia lms are resolved, alongside the resulting
moiré pattern (red arrows near the center). It comes as
a surprise that even at such high temperatures, and in presence
of the weakly ordered features, the underlying periodicity of the
24840 | J. Mater. Chem. A, 2019, 7, 24837–24846
lm remains intact, although the lattice constant of the ultra-
thin lm is somewhat smaller than usual (0.344 instead of 0.35
nm). In spite of the highly ordered atomic lattice, the high-
resolution image in Fig. 3d shows variations of the apparent
height (brightness), which are less ordered than expected for
a moiré pattern of two perfectly uniform lattices (possibly
related to local variations of the oxygen deciency discussed
below). Since these height variations are much weaker than at
high bias, we attribute the weakly ordered protrusions observed
at Vsample ¼ +2 V (Fig. 3c) to an electronic effect.
2.3 Photoelectron spectroscopy

Films of 2 ML of zirconia/Rh(111) were investigated using XPS
in both the reduced and the oxidized state, see Fig. 4. The
This journal is © The Royal Society of Chemistry 2019
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Fig. 3 Growth of ultrathin zirconia films on Ru(0001): (a) after annealing 1.5 ML of ZrO2 at 850 �C in UHV, small patches of ultrathin zirconia form
around islands. A similar zigzag pattern as on Rh(111) is formed. (b) After UHV-annealing at 900 �C, the ultrathin film fully wets the substrate. (The
bright round areas (yellow arrows) originate from implanted Ar bubbles typical for Ru.29,30) (Inset) A small-area image reveals a complex structure
with a base hexagonal pattern overlaid by rows of bright species. (c) After UHV-annealing at 1000 �C, high-bias images show a poorly ordered
pattern, while (d) low-bias images reveal the film to still exhibit thez0.35 nm periodicity expected from ultrathin zirconia films, as can be seen in
the FFT (e). By resolving the lattices of both Ru(0001) and the ultrathin zirconia film, the moiré vectors can be found (red arrows). Images (a) and
(b) are high-pass filtered.
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oxidized system (T ¼ 820 �C, pO2
¼ 5 � 10�7 mbar) shows only

one doublet in the Zr 3d region with a binding energy EB of Zr
3d5/2¼ 182.3 eV, which is identied as essentially fully oxidized,
tetragonal zirconia.31 This comes to no surprise as STM shows
that all zirconia is contained in islands, see Fig. 1d, while the
Rh(111) surface is exposed and acts as an oxygen dissociation
catalyst;31 thus, annealing in oxygen leads to full oxidation of
zirconia. On the other hand, three doublets are found for the
reduced system (T ¼ 820 �C in UHV). The rst (183.4 eV) can
again be attributed to zirconia islands, although the signal is
shied by 1.1 eV towards higher EB, caused by reduction (n-type
doping by oxygen vacancies; all bands shi down in energy and
the Fermi level is closer to the conduction band).31 The full
This journal is © The Royal Society of Chemistry 2019
width at half maximum (FWHM) of the peaks in this doublet
increases from 1.47 eV to 1.84 eV; possibly due to variations of
the doping level (slight non-stoichiometry) between different
islands. The second doublet originates from ultrathin zirconia
(180.5 eV), as previously observed on Pt3Zr(0001).32 As we argue
below, the charge state of Zr in the ultrathin oxide is the same as
in the ZrO2 islands, i.e. 4+; the different core level shi is related
to different screening of the core hole in the nal state in the
vicinity of the metal substrate and in bulklike ZrO2.32,33 The
third doublet (179.0 eV) is slightly shied with respect to
metallic Zr (178.6 eV (ref. 34)). Such a shi is typical when
alloying occurs, in this case with the Rh substrate. (In the Pt3Zr
intermetallic phase, the Zr 3d5/2 peak is shied more, to
J. Mater. Chem. A, 2019, 7, 24837–24846 | 24841
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Fig. 4 XPS of oxidized (a, c) and reduced (b, d) 2 ML zirconia films on Rh. (Top) Zr 3d region. The oxidized preparation shows one doublet from
bulk-like ZrO2 islands. The reduced preparation shows a shifted island doublet and two new doublets assigned to the ultrathin film and tometallic
Zr, respectively. (Bottom) O 1s and Rh 3p region, showing both, the raw data and the data after subtraction of the Rh 3p peak.

Journal of Materials Chemistry A Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
O

ct
ob

er
 2

01
9.

 D
ow

nl
oa

de
d 

on
 3

/1
6/

20
26

 2
:4

1:
18

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
179.6 eV.32) The fact that ZrO2 can be reduced to its metallic
state on a metallic substrate was already shown for ZrO2/Pd.35,36

The area ratio of the various Zr 3d doublets strongly depends
on the preparation conditions. The peak area of the tetragonal
ZrO2 islands depends on the amount of ZrO2 deposited. The
alloy peak area depends on the annealing temperature,
annealing time, and on the amount of zirconia available for
reduction. It can be both higher and lower than in the spectra
shown in Fig. 4b; in the case of very little deposited ZrO2 (e.g. 1.1
ML or 1.2 ML, see below), the peak vanishes below the detection
limit, which is z0.04 ML.

The O 1s region shows a single peak for both reducing and
oxidizing preparation conditions, overlapping with the tail of
the Rh 3p1/2 substrate peak (EB ¼ 521.3 eV), see Fig. 4c and d. By
subtracting a normalized Rh 3p1/2 peak measured on a clean
Rh(111) surface, the O 1s peak can be isolated. The O 1s peak of
the oxidized preparation is found at 530.1 eV with a FWHM
value of 1.58 eV, as for oxidized tetragonal zirconia.31 In the
reduced preparation, a high-binding-energy shoulder appears,
increasing the total FWHM to 1.83 eV. The peak maximum stays
nearly constant at 530.2 eV. This is expected for a system
24842 | J. Mater. Chem. A, 2019, 7, 24837–24846
consisting of an ultrathin zirconia lm with a lower EB (529.9 eV
(ref. 32)) and islands with a higher EB (due to slight reduction,
i.e., n-doping, the peak of tetragonal ZrO2 shis to EB z
531.0 eV (ref. 31)). The resolution of a lab-based XPS setup is
insufficient for accurate deconvolution of these O 1s signals.
Thus, the combined intensities lead to a peak broadening, yet
only a small shi of the peak maximum.

On Pt(111), no peak for metallic (alloyed) Zr was found. This
may be partly due to the fact that Zr alloyed with Pt is shied
towards substantially higher EB (179.6 eV,32 +0.6 eV w.r.t. Zr
alloyed with Rh), and therefore overlaps more with the ultrathin
zirconia peak. Thus, only higher amounts (> 0.08 ML) would be
detectable.

On Ru(0001), 1.5 ML of ZrO2 were rst annealed at 950 �C in
O2 and then annealed stepwise in UHV, as already described in
Section 2.2. A metallic (alloyed) Zr peak appeared only at
annealing temperatures $950 �C. Even aer annealing at
1020 �C for 25 min in UHV, the metallic peak remained small
(( 15% of the total Zr 3d peak area). Additionally, the peak
assigned to the ultrathin lm shied with higher T; at 900 �C,
the lowest temperature where the lm covers the whole
This journal is © The Royal Society of Chemistry 2019
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substrate, Zr 3d5/2 lies at 180.6 eV. It shis by �0.2 eV (towards
lower EB) aer annealing at 950 �C and by another �0.1 eV aer
annealing at 1020 �C for 25 min.
2.4 Stoichiometry of ultrathin zirconia

The area ratio of Zr 3d (excluding alloyed Zr) to O 1s can be used
to calculate the stoichiometry of ultrathin lms. As a standard
for XPS quantication, we used a closed, fully oxidized (using
Rh clusters as catalyst, see ref. 31) 5 ML-thick ZrO2 lm
annealed at 610 �C (below the dewetting temperature). The
surface structure of this lm is known.25 When comparing lms
of different thickness such as the 5 ML standard and the
ultrathin lm, we have to account for the different attenuation
of the Zr 3d and O 1s signals. We have therefore simulated
photoelectron transport in both systems using the SESSA
code,37 which then allows us to determine the stoichiometry of
the ultrathin zirconia lm. This approach leads to a number of
uncertainties, which are discussed in detail in Chapter 2 in the
ESI.† This method yields a stoichiometry of ZrO1:0þ0:26

�0:12
for the

ultrathin SMSI lm on Rh(111). For the zirconia islands of the
oxidized preparation, the result is ZrO1.94�0.14; the expected
value of ZrO2 lies within the range. The same analysis was
conducted for ultrathin zirconia lms on Ru(0001) at different
temperatures, revealing a similar result as on Rh(111): the
analysis gives a stoichiometry of ZrO1.07 aer annealing at
900 �C in UHV, ZrO1.01 at 950 �C, ZrO1.11 at 1000 �C and nally
ZrO1.04 aer annealing at 1020 �C for 25 min. The differences
between these values are within the error bars mentioned
above.

Another method to gain information on the stoichiometry is
the direct comparison of the O 1s intensity of an ultrathin
zirconia lm with an O–Rh–O trilayer,38 both prepared on the
same Rh(111) single crystal. The O–Rh–O trilayer was prepared
by annealing Rh(111) at T ¼ 410 �C in pO2

¼ 1.5 � 10�4 mbar
(using an oxygen doser similarly shaped as a shower head; the
chamber pressure was 5 � 10�6 mbar). In this pressure regime,
the formation of a surface oxide is self-limiting and no 3D oxide
islands are formed.38 To minimize the amount of remaining 3D
ZrO2 islands aer the preparation of the ultrathin SMSI lms,
two ultrathin zirconia lms were prepared with only 1.2 ML and
1.1 ML of zirconia, respectively. These zirconia lms were
annealed in oxygen at T ¼ 550 �C and 670 �C, respectively, to
gain fully oxidized islands, then reduced for 20 min at T ¼
950 �C and 70 min at T ¼ 860 �C, respectively, in UHV. To
compensate for possible variations of the X-ray intensity, the X-
ray-induced sample current was measured at the sample holder
before inserting the sample; the results were normalized by this
value. By this direct comparison method, inaccuracies induced
by simulations and reference lms can be avoided. However, it
has to be assumed that no oxygen was dissolved in the Rh
substrate; especially for the RhO2 lm, this might not be true,
and would lead to an underestimation of the zirconia oxygen
content. Furthermore, the area of uncovered substrate must be
estimated from (local) STM images. The resulting O 1s intensity
ratios between the zirconia-covered surface and the RhO2 lm
are 0.62 for the 1.2 ML and 0.50 for the 1.1 ML zirconia
This journal is © The Royal Society of Chemistry 2019
deposition. A ratio of 0.75 is expected for a fully oxidized trilayer
of ZrO2 due to the larger lattice constant (0.35 nm for zirconia as
compared to 0.302 nm for O–Rh–O38). The resulting stoichi-
ometries are therefore ZrO1.7 and ZrO1.4, respectively.
Comparing the photoelectron-induced OKLL Auger peaks yields
ZrO1.6 and ZrO1.4, respectively. Using the Auger peaks is, on the
one hand, less accurate than using O 1s due to the lower
intensity of Auger peaks. On the other hand, Auger peaks have
a higher surface sensitivity, i.e. are less sensitive to O dissolved
in the Rh bulk.

Taken together, the quantitative XPS measurements indicate
a substoichiometric ultrathin lm. This implies that other
ultrathin zirconia lms may also be substoichiometric,
regardless of whether they were obtained by oxidation of
alloys,21,26,40 or deposition of Zr and oxidation.24 In fact, some
previous results have indicated substoichiometric lms, but
this interpretation was attributed to the limited accuracy of the
measurement rather than nonstoichiometry. All measured
stoichiometries of ultrathin zirconia lms are summarized in
Table 1. Comparison of the Auger signals between the ultrathin
zirconia lms and a RhO2 trilayer led to compositions of ZrO1.62

and ZrO2.19 for the ultrathin oxides on Pt3Zr26 and Pd3Zr,21

respectively; the latter value is rather inaccurate due to O dis-
solved in the Pd3Zr bulk. Using a ML of water41 as a reference,
we found that ultrathin zirconia on Pt3Zr has a stoichiometry of
ZrO1.4.39 A synchrotron-based XPS study32 has found ZrO1.82 for
both, the ultrathin oxide and 3D oxide islands on Pt3Zr. As it is
unlikely that few-monolayer-thick 3D islands are strongly non-
stiochiometric,31 this result may be also related to inaccurate
peak deconvolution and point towards an ultrathin lm that
contains even less O. It should be noted that not all ultrathin
zirconia lms necessarily have the same stoichiometry.

3 Discussion

Metal–ZrO2 systems clearly show the so-called SMSI effect as
observed for reducible oxides such as the prototypical system
Pt/TiO2.1,5,6 Upon reduction, the metal is covered by an ultrathin
oxide lm, which is substoichiometric (zZrO1.5), though
probably to a lesser degree than for e.g. TiO2, where the lm
exhibits a TiO1.1 stoichiometry.6 The ultrathin zirconia lms on
Rh(111) and Pt(111) have essentially the same lattice constant
(0.35 nm) as the respective lms on Pt3Zr(0001) (ref. 26) and
Pd3Zr(0001),21 so it is likely that they have the same structure, an
O–Zr–O trilayer with additional oxygen vacancies. Density
functional theory (DFT) calculations show that oxygen vacancies
can form much more easily in such a metal-supported ultrathin
zirconia lm than in bulk zirconia; for oxygen at the oxide-metal
interface, the vacancy formation energy is about half the bulk
value (2.92 eV vs.z6 eV).42 The reason is that Zr in the ultrathin
lm can remain in its preferred 4+ state upon formation of an
oxygen vacancy; the electrons originally located at the oxygen
sites are then transferred to the metal substrate. In addition, if
an interface oxygen gets removed, a strong Zr–metal bond43 can
form. In contrast to oxides of polyvalent metals, reduction of the
ultrathin zirconia lms requires transferring two electrons per
missing oxygen atom to the metal to circumvent the formation
J. Mater. Chem. A, 2019, 7, 24837–24846 | 24843
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Table 1 Stoichiometries of ultrathin zirconia films with different preparation methods and substrates

Substrate Growth Method Standard Source O : Zr ultrathin lm Assumptions

Rh(111) SMSI XPS RhO2 This work zZrO1.5 Islands: ZrO2

Rh(111) SMSI XPS 5 ML ZrO2 This work ZrO1:0þ0:26
�0:12

Islands: ZrO2
a

Ru(0001) SMSI XPS 5 ML ZrO2 This work zZrO1.1 Islands: ZrO2

Pt3Zr(0001) Alloy XPS 1 ML water Ref. 39 ZrO1.4 Islands: ZrO2

Pt3Zr(0001) Alloy AES RhO2 Ref. 26 ZrO1.62 No islands
Pt3Zr(0001) Alloy Synchrotron-based XPS — Ref. 32 ZrO1.82 Islands: ZrO1.82

Pd3Zr(0001) Alloy AES RhO2 Ref. 21 ZrO2.19 No islands

a The possibility of reduced islands is included in the error bars.
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of Zr3+, thus the non-stoichiometry will be limited by the elec-
trostatic eld induced by the charge transfer.

The calculated vacancy formation energy of 2.92 eV at the
interface of the ultrathin lm42 roughly agrees with the experi-
mental conditions for forming a complete layer of ultrathin
zirconia on Rh; a chemical potential of m1/2O2

¼ �2.92 eV
corresponds to an O2 pressure of 4 � 10�12 mbar at T ¼ 870 �C.
It should be noted, however, that the formation of ultrathin
zirconia lms on Pt can start already at lower temperatures
(observed for 640 �C)—a fact that points towards zirconia
reduction being easier on Pt than on Rh and Ru. This trend is
also observed for the reduction of mildly oxidized Zr, see
Chapter 3 in the ESI.† One reason for this behaviour is the
difference in strength of metal–Zr bonds; in case of an oxygen
vacancy at the interface, O–Zr bonds can be compensated by
metal–Zr bonds. Pt–Zr bonds are stronger than e.g. Rh–Zr
bonds, as indicated by the alloy formation enthalpies, �128 kJ
per g-atom for Pt3Zr,44 vs. �72 kJ per g-atom for Rh3Zr.45 The
strong Pt–Zr bonds facilitate the formation of a reduced
zirconia lm on Pt.

The substrate also inuences the stability of the ultrathin
zirconia lm at high temperatures. On Pt(111), the zirconia lm
starts to vanish already aer annealing at 750 �C in UHV (or
does not cover the whole surface), while on Rh(111) and
Ru(0001), the ultrathin lm remains stable at far higher T. This
behaviour can be explained by different diffusion and alloying
behaviour of Zr in the substrate materials; diffusion of Zr into
the Pt bulk is faster than for Rh at the same temperature, as
shown by XPS (Fig. S2 and Section 3 in the ESI†). While the
ultrathin lm can form on any of these substrates (electrons
from oxygen vacancies can be transferred to these metals), the
competing process under reducing conditions—complete
decomposition of the lm and reduction to metallic Zr, which
then forms an alloy with the substrate—starts to dominate at
lower temperatures for Pt than for the Rh and Ru substrates.

However, this does not explain the absence of an ultrathin
zirconia lm aer annealing ZrO2/Pt(111) at higher tempera-
tures combined with remaining ZrO2 islands. One could envi-
sion that all ZrO2 islands would be transformed rst to reduced
ultrathin zirconia (which spreads out over the remaining
surface) and would only then be fully reduced to metallic Zr
upon annealing at more and more reducing conditions. Before
the ultrathin lm vanishes, all material contained in islands
would be consumed, but this is not the case at least for the Pt
24844 | J. Mater. Chem. A, 2019, 7, 24837–24846
substrate. We therefore conclude that the decomposition of the
ZrO2 islands is also kinetically hindered. As soon as the ZrO2

has decomposed, incorporation of the Zr into the ultrathin
(substoichiometric) lm and dissolution into the bulk will be
competing processes; the branching ratio depends on the
temperature and the substrate material.

For our inverse catalysts, diffusion into the bulk is basically
unlimited. This would not be the case for “real” catalysts, i.e.
metal nanoparticles supported by zirconia, where no semi-
innite metal reservoir is present. For the example of Pt nano-
particles on a ZrO2 support, Pt would get saturated with Zr;
then, formation of an ultrathin zirconia lm would occur also at
high temperatures, as the competing process of diffusion of all
Zr into the Pt would be impossible. On the other hand, Zr
dissolution in metal nanoparticles may lead to an increased
lattice constant of the metal catalyst, which is not observed in
our case (no indications of subsurface mist dislocations).
Since the metal will be covered by the ultrathin zirconia in this
state, a modication of the metal lattice constant will not
modify the surface chemistry, however.

Similar to the reducible oxides, the SMSI effect is reversible
also for metal–ZrO2 systems. We can exclude competition
between the ultrathin zirconia and oxygen adsorption on the
metal as a driving force for disappearance of the ultrathin
zirconia, as demonstrated by cooling at conditions where
adsorbed O on Rh should be unstable. Rather, the effect of
oxidizing conditions must be seen as the ultrathin suboxide
becoming unfavorable with respect to fully oxidized ZrO2.
Under oxidizing conditions, at sufficiently high temperatures,
not only the ultrathin substoichiometric lm will be converted
to ZrO2, but also dissolved Zr will diffuse, eventually reaching
the surface where it reacts with oxygen and is again incorpo-
rated in the fully oxidized (bulk-like) ZrO2.
4 Summary

We have demonstrated the so-called SMSI effect for inverse
model catalysts, zirconia on metal substrates (Rh, Pt, and Ru).
When annealed under reducing conditions, the substrate
between 3D zirconia islands is covered by a sub-stoichiometric,
ultrathin zirconia lm similar to the zirconia lms previously
obtained by oxidation of zirconium alloys. When annealing in
oxygen, all Zr gets bound in stoichiometric ZrO2 and incorpo-
rated in multilayer zirconia islands; the ultrathin lm
This journal is © The Royal Society of Chemistry 2019
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disappears. The formation of a substoichimetric oxide is facil-
itated by contact to a metal, which solves the long standing
problem of the SMSI effect observed for oxides that are usually
non-reducible: Zr in the substoichiometric lms can stay in its
preferred 4+ charge state due to electron transfer to the
substrate, even though the ultrathin lms have a stoichiometry
of zZrO1.5.
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