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a  b  s  t  r  a  c  t

Interaction  of  water  with  fully  oxidized  and  partially  reduced  CeO2(1 1 1)  thin film  model  catalyst
grown  on  a Cu(1  1 1)  surface  was  investigated  by  photoelectron  spectroscopy  (PES),  scanning  tunnel-
ing  microscopy  (STM)  and  temperature  programmed  desorption  (TPD).  On  the  stoichiometric  surface
water  adsorbs  molecularly  at low  temperatures  (≤120  K)  while  on the  reduced  surface  the  adsorption  is
partially  dissociative  with  formation  of  OH  groups.  STM indicates  no  morphology  variation  and  a very  sen-
eywords:
erium oxide
ater adsorption

ydroxyl
hotoelectron spectroscopy
TM

sitive Ce 4d–4f  resonant  photoelectron  spectroscopy  (RPES)  no  noticeable  change  of  the  oxidation  state
of ceria  upon  water  adsorption  and  subsequent  complete  desorption.  Formation  of  co-adsorbed  phase
of residual  water  with  OH  during  molecular  water  desorption,  on  the  other  hand,  leads  to  a  substantial
resonance  of  the  Ce3+ photoemission  state  around  170  K.  We  propose  that  this  behaviour  indicating  ceria
reduction  is in  this  case  an  electronic  effect  of  the  Ce  4f  charge  accumulation  and  Ce  5d  charge  depletion.
PD

. Introduction

Many studies were devoted to the water molecule study in the
ast because water is essential for all life processes [1] as well as for
any catalytic processes, e.g. for water-gas-shift (WGS) reaction.

hotoelectron spectroscopy is a powerful method of investigation
f electronic structure of molecules. Winter et al. [2] used valence
and photoelectron spectra of liquid water to analyze its electronic
tructure and found that it was similar to that of ice. Chemical bond-
ng of water to metal surfaces was studied using core level X-ray
hotoelectron spectroscopy (XPS) in [3–5] presenting an under-
tanding of water adsorption process by combining XPS results
ith first principle calculations [4,5]. Ambient pressure XPS pro-

ided on metals and oxides [6] confirmed that a general trend in
ater adsorption is an initial formation of hydroxyl group followed

y molecular water adsorption. Adsorption of water on CeOx(1 1 1)
rown on Ru(0 0 0 1) was  investigated in [7].  It was  shown that
ater adsorbed in molecular form on stoichiometric CeO2(1 1 1)
hile on reduced cerium oxide surfaces hydroxyls were detected

n addition to molecular water. Watkins et al. [8] investigated

he process of water adsorption using DFT calculations suggest-
ng that for the stoichiometric surface water molecule dissociates
nto an OH group bonded to cerium and an H atom bonded to

∗ Corresponding author.
E-mail address: matolin@mbox.troja.mff.cuni.cz (V. Matolín).

920-5861/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.cattod.2011.05.032
© 2011 Elsevier B.V. All rights reserved.

a surface oxygen atom. For the case of the reduced surface, the
same authors found that the OH group produced by the water dis-
sociation fills the oxygen vacancy while the H atom bonds to a
surface oxygen atom. On the contrary, Fronzi at al. [9] found by
DFT that clean CeO2(1 1 1) surface does not dissociate water and
that water dissociation is favored only on a reduced surface in
agreement with experimental observations [7].  This substantial dif-
ference between the fully oxidized and the reduced ceria surfaces
stresses the importance of oxygen vacancies for water dissociation
on this system.

WGS  reaction was also investigated on an inverse model
CeOx/Au(1 1 1) catalyst in [10]. The experiment confirmed that
water molecules dissociate readily in the presence of Ce3+ and form
hydroxyls remaining at the surface up to 600 K.

In order to experimentally verify the mechanism of water
ceria interaction, we used a thin film CeO2 model catalyst pre-
pared under ultrahigh-vacuum conditions by reactive growth on a
Cu(1 1 1) substrate [11,12].  Oriented thin films of ceria CeO2(1 1 1)
on Cu(1 1 1) [11–13] became important model systems in the
research of catalysis over ceria. Chemical reactivity of ceria on
Cu(1 1 1) was  investigated for discontinuous layers (inverse model
catalysts) [14–17],  continuous layers [18,19],  as well as continuous
layers activated with deposited metal clusters [20–22].  Morphol-

ogy of the CeO2 thin films in our study was  characterized by
scanning tunneling microscopy (STM) that typically reveals ori-
ented CeO2(1 1 1) terraces separated by monolayer-high steps
[19,23].

dx.doi.org/10.1016/j.cattod.2011.05.032
http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
mailto:matolin@mbox.troja.mff.cuni.cz
dx.doi.org/10.1016/j.cattod.2011.05.032
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The conventional experimental approach to water–ceria inter-
ctions relies on the analysis of Ce and O core level spectra and
alence band spectra. However, the effects related to the interac-
ions are minute and, therefore, difficult to identify. In this study, we
se resonant photoelectron spectroscopy (RPES) (see [24,25] and
eferences therein), which is probably the most sensitive surface
cience tool to follow changes in the oxidation state of ceria. Briefly,
he method exploits the selective resonant excitations 4d–4f in
e3+ (4d104f1) and Ce4+ (4d104f0). The excited states decay via
uper-Coster-Kronig processes, leading to a strong enhancement
f certain valence band features. For Ce3+, the resonance gives
ise to a feature at 1.7 eV binding energy (BE), with a maximum
nhancement at photon energy (PE) of 121.5 eV, whereas for Ce4+,
he feature appears at 4 eV BE with the maximum enhancement at
24.8 eV PE.

. Experimental

The photoelectron spectroscopy measurements have been per-
ormed at the Materials Science Beamline of the synchrotron light
ource ELETTRA in Trieste, Italy. The photoemission spectra were
cquired using a high luminosity electron energy analyzer (Specs
hoibos 150) with 150 mm mean radius, equipped with a 9-channel
etector. The experimental end station was equipped with a rear
iew LEED optic, a quadrupole mass spectrometer, an argon sput-
er gun, and a gas inlet system. The spectra were normalized
ith respect to the ring current. The resonant photoelectron spec-

ra were recorded at variable excitation energies between 115
nd 124.8 eV in order to detect the Ce 4f valence band states.
he resonant photoelectron spectra of Ce 4f states yield highly-
esolved information about concentration of Ce3+ ions in the ceria
urface in the form of the so-called resonant enhancement ratio
RER) = D(Ce3+)/D(Ce4+) [24]. This parameter is defined as the ratio
f the resonant enhancements of on- and off-resonance feature
ntensities related to Ce3+ [D(Ce3+), on-resonance at PE = 121.4 eV,
ff-resonance at PE = 115.0 eV] and Ce4+ [D(Ce4+) on-resonance at
E = 124.8 eV, off-resonance at PE = 115.0 eV]. Ce 3d, O 1s, and C 1s
ore level spectra were measured using Al K� radiation. The XPS
e 3d and O 1s spectra were taken at 20◦ and 60◦ photoelectron
mission angles (with respect to the surface normal), respectively,
n order to detect both signals from comparable depths. Cerium
Goodfellow, 99.99%) was evaporated at a constant deposition rate
sing an electron-beam evaporator with a Mo  crucible onto the
lean Cu(1 1 1) substrate at 523 K in an oxygen atmosphere of

 × 10−7 mbar, followed by annealing under identical conditions
or 10 min. The deposition rate was 0.08 ML  min−1, as calibrated by

eans of a quantitative analysis of the Cu 2p intensity. Here we
efine 1 monolayer (ML) of ceria as corresponding to a O–Ce–O tri-

ayer of the CeO2(1 1 1) fluorite bulk structure, with a thickness of
.13 Å. Water was introduced into the chamber by a leak valve at
he pressure of 6.6 × 10−7 mbar for 200 s, giving a total exposure of
00 L.

In order to compare water adsorption on stoichiometric and par-
ially reduced ceria surfaces we created reduced CeO2−x/Cu(1 1 1)
amples artificially by Ar+ sputtering of the surface (1 keV ion
nergy, 12 �A/cm2 ion current density, 1 min) followed by a mild
-min annealing at the temperature equal to that during ceria layer
rowth (523 K).

STM measurements were performed in another chamber on
 homemade STM system with 1 × 10−10 mbar base pressure.
u(1 1 1) substrates were cleaned by repeated Ar+ sputtering and

nnealing in vacuum. CeO2 was grown by evaporation of Ce in

 × 10−7 mbar of oxygen. Ce was evaporated using an identi-
al evaporator as the one at Elettra. The coverage of CeO2 was
etermined using quartz crystal microbalance. STM images of the
ay 181 (2012) 124– 132 125

morphology of ceria films were acquired with chemically etched
tungsten tips at room temperature. TPD was measured by means of
a quadrupole mass spectrometer placed in a differentially pumped
nozzle (to eliminate background contribution during thermal des-
orption) installed in the same vacuum system. The sample heating
rate during TPD was set to 2 K/s.

3. Results and discussion

3.1. STM study

We  used STM to characterize and compare morphologies of both
10 ML-thick ceria layers on Cu(1 1 1) investigated in the present
study: a stoichiometric CeO2 oxide, and reduced CeO2−x prepared
by Ar+ sputtering. We  obtain images both before and after inter-
action of samples with water. We complement the information on
morphology of the layers with highly sensitive measurements of
Ce3+ concentrations in the layers using RER DCe3+/DCe4+ (cf. Ref.
[23]).

Surface morphology of the stoichiometric CeO2 layer on
Cu(1 1 1) is shown in Fig. 1a. The surface of the layer comprises
oriented CeO2(1 1 1) terraces separated by monolayer-high steps.
Characteristic length of a terrace is about 10 nm.  The step height
of 0.31 nm corresponds to the spacing of the O–Ce–O trilayers in
CeO2(1 1 1) bulk single crystal. We  observe 3–4 open ceria mono-
layers organized in broad pyramids (cf. [23]). In Ref. [23] it was
shown that the majority of the residual Ce3+ in the stoichiomet-
ric layers is located at step edges. An undercoordinated step edge
site thus seems to be a characteristic defect of the stoichiometric
layer. In the present experiment, measured DCe3+/DCe4+ after cool-
ing the samples down to 120 K was  less than 0.15 depending on the
residual water pressure.

Morphology of the reduced CeO2−x surface after 3 min  irradi-
ation with 1 keV Ar+ ions, 2 �A/cm2 (total ion dose equivalent to
that used in PES/XPS experiment), and subsequent 2 min  anneal-
ing to 523 K in vacuum is shown in Fig. 1b. It can be noticed that
the CeO2(1 1 1) terraces observed in Fig. 1a were disintegrated into
small islands with a characteristic diameter less than 5 nm.  The lay-
ered structure of CeO2(1 1 1) film seems to have been conserved.
We can still see 3–4 open ceria monolayers and monolayer-high
steps separating them. We  can estimate that the ion bombardment
increases the density of step edges and kink sites approximately
by a factor of two. On the contrary, DCe3+/DCe4+ increases by an
order of magnitude to 1.3 on samples at 120 K. The increase of
DCe3+/DCe4+ upon ion bombardments seems to be substantially
higher than what would correspond to the increase of step density
in STM images (cf. Ref. [23]). Thus, we  must allow for the existence
of another type of Ce3+ sites, most likely surface oxygen vacancies
in the terraces on the sputtered samples.

Both the as-deposited and the Ar+ sputtered samples were sub-
ject to adsorption of H2O at 100 K and temperature-programmed
desorption to 500 K. STM images of the samples after water desorp-
tion are shown in Fig. 1c and d. We  identify no observable change of
island size, step density, or step geometry upon water desorption
from stoichiometric CeO2 layer (cf. Fig. 1a and c), and, given the
lower resolution of STM image in Fig. 1d, no observable change of
island size or step density in the reduced CeO2−x layer (cf. Fig. 1b
and d). More importantly, DCe3+/DCe4+ for the stoichiometric CeO2
layer after adsorption and desorption of water are identical, allow-
ing us to conclude that water adsorption and desorption induces
no changes to the morphology and Ce3+ content of stoichiometric

CeO2 layers. For reduced CeO2−x layers the morphology remains
conserved as well while the DCe3+/DCe4+ increases from 1.3 to 1.8
most likely due to uncomplete desorption of water fragments from
Ar+ sputtered CeO2 at 500 K.
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Fig. 1. Morphology of 10 ML-thick ceria layer on Cu(1 1 1) as deposited (a, stoichiometric CeO2) and after Ar+ sputtering (b, reduced CeO2−x). The CeO2(1 1 1) terraces apparent
i nm in
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n  (a) have disintegrated into small islands with characteristic diameter less than 5 

opographs were obtained at room temperature, image size in (a)–(d) 50 nm × 50 n

.2. Photoelectron spectroscopy and temperature programmed
esorption

In Fig. 2 the on-resonance valence band spectra (PE = 121.5,
24.8 eV) obtained for stoichiometric CeO2 (Fig. 2a) and reduced
eO2−x/Cu(1 1 1) (Fig. 2b) samples x > 0 at room temperature are
isplayed, together with valence band spectra taken off-resonance
PE = 115 eV). The arrows in the figures indicate the on-off reso-
ance enhancements D(Ce3+) and D(Ce4+) used to calculate the
esonant enhancement ratio (RER) = D(Ce3+)/D(Ce4+) [24]. The RER
irectly reflects the Ce3+/Ce4+ ion ratio in partially reduced CeO2−x
nd can be calibrated in terms of the nonstoichiometry factor x by
omparing to the fitted Ce 3d core level spectra (note that this pro-
edure disregards differences in the electron mean free path for
he two methods; see for example Ref. [20]). The results in Fig. 2a

how for CeO2 RER being nearly zero indicating well stoichiometric
erium oxide in the case of the as-prepared sample. In Fig. 2b we
bserve that Ar+ sputtering creates a considerably reduced surface
cf. Section 3.1).
 (b). (c and d) Layers as in (a) and (b) after adsorption and desorption of water. STM

In order to identify the variations of the cerium oxidation state
due to water–oxide interaction, we  measured changes in the on-
resonance and off-resonance valence band spectra upon water
adsorption at 120 K and during the subsequent annealing. We
should note that the substantial intensity of the resonant fea-
tures determined from the present RPES experiment can be related
not only to the generally high sensitivity of RPES but also to the
highest surface sensitivity of the present synchrotron-radiation-
based experiment working with kinetic energy of emitted electrons
around 120 eV. Thus the use of this method is consistent with the
assumption that the water interaction initially affects the surface
region, i.e. ceria modification is seen in the vicinity of the water
molecules and/or their fragments.

The on-resonance and off-resonance spectra obtained upon
water adsorption and annealing of the stoichiometric sample (see

Fig. 1a) are presented in Fig. 3 together with the spectra of the clean
sample. The clean sample spectra were taken at 120 K contrary to
those in Fig. 2 obtained at room temperature. By comparing these
spectra we can see that cooling of the sample was accompanied by
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Fig. 2. On- and off-resonance valence band spectra taken at PE = 124.8, 121.4 and
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cold sample adsorbs the residual background water which remains
in the chamber after repeated water adsorption experiments. In
Fig. 4 we also plotted the reference RER curve for CeO2 sample
not exposed to water. Very low value of RERs within the whole
15 eV. Arrows indicate resonance enhancement used for determination of RER.
toichiometric CeO2(1 1 1) surface (a) and reduced CeO2−x(1 1 1) surface (b).

ppearance of Ce3+ resonant states. Subsequent multilayer water
dsorption at 120 K completely blocked the photoemission from
he ceria substrate due to low photoelectron escape depth. The VB
pectrum of water multilayer reveals characteristic molecular fea-
ures of thick water layer (e.g. [26] on oxide and [27] on metal) and
esemble the spectrum of liquid water [2].

Upon annealing to 170 K the spectra show that limited amount
f water molecules remain on the surface because water features
BE 6–16 eV) are mixed with VB spectra of cerium oxide. By com-
aring intensities of the O 2p band (BE 3–7 eV) which dominates the
ff-resonance spectra we can see that spectra of ceria are strongly
ttenuated by the adsorbed water. We  can estimate from the
ecrease of the off-resonance O 2p band intensity that the amount
f residual water corresponds to approximately 2 ML (assuming an
nelastic mean free path of 0.8 nm [28]). At 200 K the O 2p band
early restores its initial intensity showing that water desorption

s almost complete. All spectra obtained at 200 K and above reveal
mall Ce3+ resonant peaks which are however similar to that of the
lean surface at 120 K.

In order to investigate the thermal evolution of Ce3+/Ce4+ con-
entration ratio we plotted the corresponding RERs in Fig. 4,
ogether with RERs obtained for nonwater exposed stoichiometric
urface and water-exposed reduced surface. The points at 120 K,

arked by a rectangle, were obtained for non-exposed surfaces.

ER of the stoichiometric CeO2 surface after water adsorption at
ow temperature exhibits a maximum at T = 170 K indicating an
ncrease of the Ce3+ state concentration followed by a subsequent
Fig. 3. On- and off-resonance valence band spectra for CeO2(1 1 1) upon water
adsorption and consequent annealing.

decrease at higher temperatures. It indicates that water adsorp-
tion/desorption process induces limited temporary formation of
the Ce3+ centers. Thus the above mentioned appearance of the Ce3+

intensity due to the cooling of the non-exposed surface can also
be explained in terms of the water–ceria interaction because the
Fig. 4. RER curves obtained upon water adsorption and annealing: CeO2(1 1 1) (�);
CeO2−x(111) (�); CeO2−x(1 1 1) for the 2.3 eV component (�). RER curve marked by
(©)  was  measured on clean CeO2(1 1 1). The points at 120 K, marked by a rectangle,
were obtained for non-exposed surfaces.
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Fig. 5. On- and off-resonance valence band spectra taken at PE = 124.8, 121.4 and
115 eV for stoichiometric CeO2(1 1 1) surface at room temperature (RT) and 100 K
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Fig. 6. Series of thermal desorption spectra acquired after various exposures (1.5 L,

experiment as described above with the reduced cerium oxide sam-
ple prepared by ion irradiation (cf. Fig. 1b). The on-resonance and
nd  6 L of water adsorption at 100 K.

emperature range clearly shows that the Ce3+ state formation is
ot a thermal effect.

Water interaction with cerium oxide surface at low temperature
as further examined by exposing the CeO2 sample to 6 L of water

t 100 K. This amount of H2O was sufficiently low not to obscure the
B signal from ceria at this low temperature. The results presented

n Fig. 5 confirm that water is reducing the surface even at 100 K. The
B spectra exhibit mixed character of cerium oxide and adsorbed
olecular water.
Results of TPD experiment performed following 100 L water

xposure of CeO2 at 100 K are shown in Fig. 6a. Desorption of water
s observed between 130 and 200 K which confirms that water is
dsorbed in a molecular state at 120 K on the CeO2 surface. This
s also in agreement with the findings in Refs. [7,10].  Additionally,
hermal desorption spectra were acquired after smaller exposures
1.5 L, 10 L, 30 L) in order to better resolve various adsorption
tates at the surface. The lowest temperature desorption peak with
aximum in the range of 145–155 K originates from the water
ultilayer, while the single water layer leaves the surface around

70–185 K. The broad feature around 275 K has been attributed to a
ecombinative desorption of hydroxyl species with surface hydro-
en, in accord to our PES observations.

Analysis of the STM images (see Section 3.1) together with corre-
ponding RERs of the CeO2 sample which were subject to the same
xperimental procedure revealed that the surface did not undergo
ny morphological or RER changes that could be associated with
ormation of oxygen vacancies or any other low coordination sites.
hus, we associate the immediate formation of Ce3+ centers upon

ater adsorption on ceria with a purely electronic water–oxide

nteraction effect that will be discussed below.
10  L, 30 L, and 100 L) with water at 100 K on (a) stoichiometric CeO2/Cu(1 1 1) surface
and  (b) CeO2−x/Cu(1 1 1) partially reduced surface. The heating was linear with the
rate of 2 K/s.

In Fig. 7a we  present XPS O 1s spectra obtained with Al K� X-ray
source excitation. The spectrum taken from the clean CeO2 sam-
ple at 120 K exhibits single peak at 529.5 eV which corresponds to
the cerium oxide lattice oxygen, OL [29,30].  The spectrum obtained
after multilayer water adsorption shows a single peak at 534.0 eV
which is typical for molecular water [3,4,6,7]. Subsequent anneal-
ing to 170 K gives two  states (water and ceria), indicating that water
was  still molecular, and a new state which appears at BE = 531.5 eV,
corresponding to formation of hydroxyl groups OH [3,4,6,7]. In
Fig. 7b we  plotted concentration ratios of H2O, OH, and OL relative to
the total amount of detected oxygen O 1s. The amounts of the par-
ticular oxygen species were obtained by fitting the oxygen spectra
using Gaussian shapes of peaks. In agreement with the TPD experi-
ment (Fig. 6a) vast majority of water desorbs below 200 K however
small amounts of water and hydroxyls (OH) still remain at the sur-
face even at 500 K. Therefore a relative decrease of the RER above
170 K can be associated with water desorption and, eventually, with
OH formation. According to Refs. [7,9,10] water dissociation occurs
at oxygen vacancies, or in general at surface defects, so in the case
of stoichiometric ceria we can expect that OH groups are located at
CeO2(1 1 1) terrace boundaries, see Fig. 1.

With the aim to better elucidate the role of the oxygen vacancy
in the water–ceria interaction mechanism we performed the same
off-resonance spectra obtained upon water adsorption and anneal-
ing of the CeO2−x sample are presented in Fig. 8a, together with the
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Fig. 7. (a) O 1s XPS spectra, PE = 1486.6 eV, of non-exposed CeO2(1 1 1) surface and
water adsorbed at 120 K and annealed as indicated. (b) Variation of O 1s concen-
t
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Fig. 8. (a) On- and off-resonance valence band spectra for CeO2−x(1 1 1) upon water
ration ratios for water (H2O), hydroxyl (OH), and lattice oxygen (OL) and Ce 3d
oncentration ratios for Ce3+ and Ce4+ in the case of the stoichiometric CeO2(1 1 1)
pon water adsorption and consequent annealing.

pectra of the clean sample. The clean sample spectra were taken at
20 K. Multilayer water adsorption at 120 K yield molecular water
pectrum as in the case of the CeO2 sample, in agreement with
he TPD observation showing an onset of water desorption above
30 K (Fig. 6b). Corresponding RERs are plotted in Fig. 4. It reveals a
trong RER enhancement at 170 K, i.e. at the same temperature as
n the case of stoichiometric CeO2. Detailed inspection of the Ce3+
esonance spectra taken at 170 K showed unusual broadening of
he Ce3+ peak. A detailed look at this peak (see Fig. 8b) discloses an
ppearance of a new resonant feature at higher BE of 2.3 eV. The
egular lower energy component has exactly the same shape and
adsorption and annealing. (b) Decomposition of the Ce3+ resonant peak from (a) into
two resonant states (170 K).

position as that of the non-exposed sample. Both peaks can be fit-
ted with Gaussian shape. The high energy feature is distinctive only
at 170 K while its contribution at higher temperatures decreases. It
can be seen from Fig. 4 where variations of RERs determined for the
components at 2.3 eV was added to the total RER curve, determined
from the resonant peak heights.

In Fig. 9a corresponding O 1s XPS spectra are shown. Their anal-
ysis is similar to those of the above stoichiometric ceria, however
both cases are quantitatively different. The relative amounts of
water, OH, and O are plotted in Fig. 9b. In the temperature inter-
L
val of 120–170 K we see again water and lattice cerium oxide O 1s
peaks. At 170 K O 1s spectrum discloses noticeable co-adsorption of
water and hydroxyls. For higher temperatures water nearly com-
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Fig. 9. (a) O 1s XPS spectra, PE = 1486.6 eV, of non-exposed CeO2−x(1 1 1) surface and
water adsorbed at 120 K and annealed as indicated. (b) Variation of O 1s concentra-
tion  ratios for water (H2O), hydroxyl (OH) and lattice oxygen (OL) and variation of
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Fig. 10. (a) Ce 3d XPS spectra, PE = 1486.6 eV: CeO2(1 1 1) after water adsorption
and  annealing at 170 K and 200 K. Ce4+ states (green), Ce3+ states (red). (b) Ce 3d
XPS spectra, PE = 1486.6 eV: CeO2−x(1 1 1) after water adsorption and annealing at

4+ 3+

4. Discussion
e  3d concentration ratios for Ce3+ and Ce4+ in the case of the reduced CeO2−x(1 1 1)
pon water adsorption and annealing.

letely desorbs. The main difference as compared to the previous
ase is a relatively high concentration of hydroxyls due to water
issociation on oxygen vacancies, in accord to [7,9,10] as well as to
ur TPD data where the most strongly bound species (desorption
aximum in the 250–275 K region) attributed to water produced

y recombination of OH radicals with surface hydrogen are more

bundant on the reduced ceria surface (Fig. 6b) than on the stoi-
hiometric one (Fig. 6a) at the expense of the molecularly adsorbed
ater (compare the corresponding spectra for the same exposures
170 K and 200 K. Ce states (green), Ce states (red). (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
the article.)

on both surfaces). By comparing RER dependence on temperature
plotted in Fig. 4 with O 1s intensities in Fig. 9a it seems likely that
high RER value at 170 K and its decrease upon subsequent anneal-
ing at 200 K correspond to substantial decrease of water species
concentration in this temperature interval. Increasing temperature
above 200 K does not lead to any further changes in RER.

Variation of cerium oxide oxidation state can also be followed
by analyzing Ce 3d spectra, see e.g. [18,24]. In Fig. 10a  and b we
present XPS Ce 3d spectra for CeO2 and CeO2−x samples taken after
water adsorption and annealing to 170 and 200 K. Decomposition
of the spectra to Ce4+ and Ce3+ doublets confirms the RPES results.
In Figs. 7b and 9b Ce3+/Ce 3d and Ce4+/Ce 3d concentration ratios
were plotted (here Ce 3d stands for total Ce 3d spectrum area)
together with those of oxygen species. By comparing Fig. 9a and
b one can clearly see that the more intense signal from OH groups
in the case of the reduced sample is accompanied by an increase
of the Ce3+/Ce 3d ratio. Relative concentration of both OH and Ce3+

species at T ≥ 200 K is equal to 0.2.
Observed high Ce3+/Ce4+ ratio upon water adsorption on cerium
oxide (1 1 1) surface below 200 K where (based on our PES and STM
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bservations) oxygen vacancy formation can be excluded is the
ost important experimental result of this work. We  should note

hat it cannot be simply explained on the basis of dissociation of
dsorbed water molecules to hydrogen and OH anions because the
issociation of the O–H bond of the water molecule followed by for-
ation of hydroxyl (H+ bonded to lattice oxygen) and OH− groups

onded to Ce cation is a pure acid–base reaction without any change
f the oxidation state of cerium. OH fills oxygen vacancy (VO) and
ydrogen atom bonds to neighboring surface oxygen resulting in
wo H atoms bonded to oxygen terminated surface [9].  However,
he substantial increase of RER as well as an appearance of the Ce3+

tates in the Ce 3d and RPES spectra clearly indicates charge transfer
o ceria cations and Ce4+ → Ce3+ transition. Both valence band spec-
ra and TPD show that at 170 K the surface is covered with a thin
esidual layer of molecular water remaining on the surface after
ultilayer water adsorption. O 1s spectra gives us an evidence that

t this temperature water is co-adsorbed with OH groups. Water
issociation was more pronounced on the surface reduced by ion
puttering known to create oxygen vacancies. This finding was in
greement with the results previously reported in [7,10] where the
uthors showed that on CeO2(1 1 1)/Ru(0 0 0 1) surface water disso-
iates at oxygen vacancy sites. OH groups remained on the surface
p to 500 K which was the highest annealing temperature used in
his study. Senanayake et al. [10] and Fronzi et al. [9] proposed
he following relationship for water dissociation on the Ce3+/Ce4+

urface:

2O + (OL + VO) → 2OHads (1)

here VO is an oxygen vacancy and OL stands for adjacent sur-
ace lattice oxygen. Concentration of OH groups on the surface
s proportional to the amount of Ce3+ present therein. The same

echanism was also proposed in [6] for water adsorption on defec-
ive TiO2(1 1 0). In the study [6] water adsorbed dissociatively on
efects at first and formed OH–H2O complexes during further water
dsorption. OH–H2O bonding was found to be relatively weak
esulting in water desorption at 170 K. On non-defective surface
ater adsorbed nondissociatively.

RER curves in Fig. 4 shows that both samples CeO2 and CeO2−x
ith different concentration of vacancies (see first values in Fig. 4)

eveal increase of the RER in the temperature interval 170–400 K
ith a maximum at 170 K. It should be noted that RER values at

70 K can be influenced by adsorption of water and its fragments on
toichiometric and defective ceria surface. Figs. 3, 8a and 10a and b
how that RPES and Ce 3d spectra are attenuated due to water
dsorption at 170 K. At the same time, Ce3+ signal remains con-
iderably higher than Ce4+ signal, which results in high RER values.
his can be caused by a real increase of the Ce3+ concentration, or,
ventually, by a more effective screening of the Ce4+ photoemission
ignal by water overlayer compared to the Ce3+ signal. However,
mall water exposures that do not cause so efficient screening of
he RPES signal still do absolute increase of the Ce3+ intensity both
t 100 K (Fig. 5) and at 200 K and higher temperatures (Fig. 3).
herefore, we can conclude that ceria reduction by water is a real
ffect.

The process of water adsorption on solid surfaces is not fully
nderstood yet and therefore to render the exact mechanism of the
harge transfer from water to cerium anions, which is responsible
or Ce3+ intensity enhancement, is not straightforward. We  can,
owever, speculate that formation of H2O–OH and bonding of H

ollow the relation:

H2O + VO + OL → (OVH–H2O) + OLH (2)
VO, oxygen vacancy; OL, lattice oxygen; OV, oxygen filling the
acancy) It leads to the situation where an increase of the charge at
he Ce ion due to hydrogen bonding to lattice oxygen (OLH) is not
ully compensated by the charge donation to the OH–H2O group.

[
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Other possible explanation, which seems to be most likely here,
is based on a substantial mutual charge transfer between OH–H2O
adsorbate and ceria substrate [9].  If a charge donation from the H
atom to the unoccupied Ce 4f0 (Ce4+), leading to Ce 4f1 (Ce3+) states,
is compensated due to orbital hybridization by the Ce 5d elec-
tron donation to the (OVH–H2O)− cerium level occupation would
change, following the transition:

Ce4f05d16s2 → Ce4f15d06s2. (3)

In this scenario one would observe resonant behaviour due to occu-
pation 4f1 of the Ce 4f level even in the case the charge neutrality
is conserved. In addition, the resonant f0 satellite, which is the final
state where the screening occurs in the 5d16s2 band in the case
of simple formation of oxygen vacancies [31], would be screened
less effectively with 6s electrons only. We  should note that in this
case the less efficient screening would lead to the new f0 final state
shifted to higher binding energy in the valence band spectrum.
This mechanism provides an explanation for the appearance of the
new resonant f0 state at 2.3 eV (see Fig. 8, 170 K). However, further
ab-initio calculations are necessary to support this hypothesis.

5. Conclusion

At low temperature (below 120 K) water adsorbs molecularly
on stoichiometric CeO2(1 1 1) surface while on a surface reduced
by ion bombardment the adsorption is partially dissociative with
formation of OH groups, preferentially bond to oxygen vacancy
sites.

The surface of the ceria layer comprises oriented CeO2(1 1 1)
terraces separated by monolayer-high steps. Morphology of the
CeO2−x surface reduced by an ion sputtering exhibits disintegration
into small islands with a characteristic diameter less than 5 nm.
Water adsorption at 120 K on such surface leads to water multi-
layer formation which is mixed with hydroxyls. Upon annealing
molecular water desorbs which is accompanied by Ce3+ inten-
sity enhancement showing increase of the Ce 4f level occupancy.
We propose that this behaviour indicating ceria reduction can be
explained by an electronic effect of the Ce 4f charge accumulation
together with Ce 5d charge depletion.
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