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ABSTRACT: We investigate the interaction between molecular
hydrogen and ultrathin epitaxial CeO2 films modified with a 2%
concentration of Cu atoms using X-ray photoemission spectroscopy
(XPS) during thermal reduction cycles in H2. The XPS measurements
are combined with density functional theory calculations to obtain
further insight into the observed modifications of the film surface. Our
results show that the presence of Cu atoms decreases the barrier for H2
dissociation in comparison to that on pure ceria surfaces, leading to
the formation of surface OH groups after exposure to H2. Moreover,
surface oxygen vacancies are generated already at mild temperatures
(470 K), most likely via water formation and desorption. The presence
of surface oxygen vacancies and hydroxyls contributes to the observed
large increase in surface Ce3+ concentration with increasing reduction
temperature. In spite of these atomic scale modifications, the surface
morphology observed by scanning tunneling microscopy remains substantially unchanged on the length scale of tens of nm.

■ INTRODUCTION
The growing importance of hydrogen in various technological
applications has generated significant interest in a detailed
atomic scale characterization of the underlying processes of
hydrogen adsorption, dissociation, and desorption on different
solid surfaces. The resulting understanding can also help the
rational design of catalysts for hydrogen synthesis and is
important in the context of hydrogenation reactions and fuel
cells.2−4

Efficient catalysts for hydrogen dissociation are typically
based on rare and expensive materials, like platinum-group
metal nanoparticles.5−7 To overcome this limitation, intensive
research efforts have focused on the identification and
synthesis of more abundant materials, capable of partially
substituting precious metals in hydrogen-based applica-
tions.2−4,7−9 Oxides are often used as supports for metal
catalysts to prevent nanoparticle sintering and promote their
activity. Oxides have also been shown to take an active part in
many reactions, allowing a substantial decrease in noble metal
concentration within the catalyst.10,11

Among catalytically active oxides, cerium oxide is of special
interest for its reducibility, i.e., the easy formation and diffusion
of oxygen vacancies. This property is related to the comparable
stability of Ce4+ and Ce3+ ions under different conditions due
to the presence of Ce 4f levels that can easily accept or donate
electrons close to the Fermi level.12 Moreover, the
modification of cerium oxide with a low concentration of
aliovalent metals has been shown to induce significant
modifications of the properties of the material.10,13−16 Cerium

oxide has been widely investigated for hydrogenation
reactions,3,17−19 and many studies have examined the detailed
mechanisms of its interaction with molecular hydrogen. Early
experimental work was done on powdered catalysts by
temperature-programmed reduction (TPR) in H2. The TPR
spectra showed two main peaks at 770 and 1100 K, which were
initially assigned to the release of surface and bulk oxygen,
respectively.20 The modification of ceria with metals was
shown to decrease the onset of surface reduction,21 but in
powdered catalysts, many different variables like particle size
and exposed facet can affect the behavior of the material,
complicating the interpretation of TPR results.22,23

Studies of model systems in the form of bulk or well-
controlled ultrathin film surfaces in combination with density
functional theory (DFT)-based modeling can provide
important insights into the interactions that take place at the
atomic scale. In particular, DFT studies have shown that H2
dissociation on the most stable CeO2 (111) surface has a
barrier of approximately 1 eV, independent of the presence of
O surface vacancies.24 Moreover, simulations based on ab initio
molecular dynamics showed that thermal effects can
significantly affect the mechanisms for H2 dissociation.25
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Experimental investigations reported that dissociated H2 is
localized on the surface in the form of OH groups, while the
presence of O vacancies helps the migration of H species to the
subsurface region.26 On the Pt:CeO2 system, H2 dissociation
was demonstrated to be very efficient and to take place on
highly dispersed metallic Pt species.27 Similarly, Ag:CeO2 was
found to have a higher reactivity toward H2 oxidation than
pure CeO2 due to a decreased barrier for H2 dissociative
adsorption and diffusion.1 By exposing stoichiometric and
partially reduced CeO2(111) thin films to atomic hydrogen,
Chen et al. showed that the stability of OH was enhanced by
the presence of surface oxygen vacancies.28 Copper atoms have
also been used to dope cerium oxide. The Cu ions were shown
to occupy cerium substitutional sites and to enhance the
reducibility due to the lower valence of Cu compared to
Ce.15,29,30

In a previous work, we have demonstrated that ultrathin Cu-
and Ag-doped cerium oxide nanostructures supported on
Pt(111) have a higher reducibility than pure CeO2
nanostructures when annealed in vacuum.15 To investigate
the interaction of H2 with pure and Ag-doped ceria, we have
used epitaxial films, with a higher thickness than the
nanostructures studied in ref 15, to avoid any effect from the
Pt(111) support.1 An important result obtained is that the Ag
dopants play an active role by capturing part of the charge
released by oxygen vacancy formation or hydrogen dissocia-
tion.1 In this work, we investigate the behavior of an epitaxial
film of Cu-modified cerium oxide during reducing cycles in
vacuum and in hydrogen. With the help of DFT theoretical
modeling, we determine the atomic scale details that underlie
the reactivity toward hydrogen dissociation. The results of this
work provide insight into the interaction between modified
oxides and hydrogen molecules and could help optimize the
functionality of these materials for future hydrogen-based
applications. In particular, a remarkably different behavior of
Cu as compared to Ag dopants is highlighted, with the
presence of Cu1+ species significantly enhancing the material
reactivity.

■ METHODS
Experimental Methods. The sample used for the present

study was grown in an ultrahigh vacuum (UHV) apparatus,
equipped with facilities for surface preparation, for molecular
beam epitaxy (MBE) growth, and for X-ray photoemission
spectroscopy (XPS) and scanning tunneling microscopy
(STM) characterization. The experimental chamber was also
provided with two gas lines for O2 and H2 exposure. The lines
were pumped before each experiment, and the purity of the
gases was checked using a residual gas analyzer present in the
experimental chamber to exclude in particular any contami-
nation by H2O. The substrate was a Pt(111) single crystal,
previously shown to favor the growth of (111)-oriented
epitaxial CeO2 films.31,32 The substrate was prepared by
repeated cycles of Ar+ ion sputtering (1 keV, 1 μA/cm2) and
thermal annealing (1040 K). The Cu-modified cerium oxide
(Cu:CeO2) film was obtained by reactive MBE by simulta-
neously growing Ce and Cu in O2 partial pressure (PO2 = 10−7

mbar) on the substrate kept at room temperature (RT). An e-
beam cell was used for Ce evaporation, while an effusion cell
was used for Cu. The evaporation rates of Ce and Cu were
calibrated via a quartz crystal microbalance to obtain a nominal
Cu atomic concentration of 3%. The film thickness was chosen
to be 5.7 ML to completely cover the substrate surface, in

analogy with the pure CeO2 and Ag:CeO2 films investigated in
ref 1. After the growth, the films were annealed in O2 partial
pressure (PO2 = 10−7 mbar) at 770 K for 45 min to improve
surface morphology, stoichiometry, and structure. Reducing
thermal treatments in UHV and in H2 partial pressure (PH2 =
10−7 mbar) were performed using an electron bombardment
heater. The sample was subsequently heated at a constant rate
(60 K/min), kept at the set temperature (470, 570, 670, and
770 K) for 15 min, and cooled to RT, first in UHV and�after
reoxidation (PO2 = 10−7 mbar, 770 K, 15 min)�in H2. During
the cooling stages after the thermal treatments in H2 and in O2,
the gas lines were closed when the sample reached a
temperature lower than 370 K.
After growth, after reoxidation, and after each reduction step

in UHV and in H2, XPS was used to measure the sample
surface composition. The XPS measurements were always
acquired at RT after each step of the reducing thermal
treatment. For the purpose, we used an Al Kα X-ray source and
a hemispherical electron analyzer at grazing emission geometry
(65° from sample normal) to increase surface sensitivity. The
Ce 3d, O 1s, Pt 4p3/2, Pt 4f, and Cu 2p spectra were measured
using a pass energy PE = 30 eV. XPS data processing consisted
in subtracting a Shirley-type background and fitting with Voigt-
shaped peaks. The Ce 3d spectra were fit using five doublets,
following the procedure introduced by Skaĺa et al.,33 to obtain
the Ce3+ concentration as the ratio of the area of the two Ce3+-
related doublets with respect to the total Ce 3d area. The only
free fitting parameters were the intensity of the peaks and a
single rigid shift of the binding energies of all the components,
for which the energy separation is kept fixed. An example of
one of the Ce 3d spectra and the fitting components are shown
in the Supporting Information, Figure S1. The fit allows one to
obtain rather precise evaluations of Ce3+ concentration, while
the accuracy of the obtained numbers is affected by a
systematic error, which originates from background sub-
traction, and from a higher complexity of the spectra as
compared to the simplified fitting model used here.34 However,
the approximations used do not affect the considerations
exposed in this work, which are based on the variation of Ce3+
concentration with the different treatments, rather than on its
absolute value. The O 1s spectra were fit using two peaks, one
related to lattice oxygen and a second one, at approximately 2
eV higher binding energy, related to OH groups on the surface.
In the O 1s fitting procedure, the binding energy and width of
the main peak were fixed, leaving only the peak intensity as a
free fitting parameter, while for the OH-related peak, also the
binding energy was allowed for moderate changes to optimize
the fit. The Pt 4p3/2 peak was fit as a single peak, with variable
intensity and binding energy and fixed width. An example of an
XPS spectrum with the O 1s and Pt 4p3/2 peaks and the fitting
components are shown in the Supporting Information, Figure
S2. The peak positions and intensities obtained from the fits of
all the XPS spectra are reported in the Supporting Information
(Tables S1 and S2). The Pt 4f levels were used to calibrate the
binding energy scale of the spectra, while the Cu 2p intensity
was used to estimate the Cu doping concentration (see the
Supporting Information, Figure S3). The errors on the
intensities of the XPS lines were derived from the fitting
procedure and used to obtain the error bars on the intensity
ratios shown in the figures.
RT STM was used to measure the surface topography of the

sample before and after the thermal treatments using a W tip
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working in constant current mode at a positive sample-to-tip
bias. WSxM software was used for image processing.35

Low-energy electron diffraction patterns of the surface
before and after the full reducing treatment in H2 are shown in
the Supporting Information (Figure S4).
Theoretical Methods. The structural and electronic

properties of Cu-doped CeO2 were investigated via density
functional theory (DFT) calculations performed with the
Quantum Espresso Package.36,37 We used ultrasoft pseudopo-
tentials to describe the interaction of Ce, Ag, Cu, and O ions
with the valence electrons and the functional of Perdew, Burke,
and Ernzerhof (PBE) for the exchange−correlation potential.38
To account for the localized and strongly correlated character
of the Ce 4f electrons, we used the Hubbard correction (DFT
+ U) as implemented by Cococcioni and de Gironcoli.39 We
adopted U = 4 eV, a value that well reproduces the
experimental results.30

The CeO2 (111) surface was described using slabs with
three O−Ce−O trilayers and a (4 × 4) surface supercell. The
vacuum layers separating the slabs are 15 Å thick. The
Brillouin zone was sampled only at the Γ point. The positions
of the atoms of two trilayers were optimized with convergence
thresholds of 1 × 10−5 eV and 1 × 10−2 eV/Å for the total
energy and ionic forces, respectively, while those of the last
trilayer were kept fixed to simulate the bulk constraint.
To model the Cu-modified surface, we considered a Cu

atom substituting one of the Ce atoms of the first trilayer.
It was indeed found that noble metals prefer to substitute Ce

atoms rather than being inserted in interstitial positions or
substituting O atoms.40,41 The Cu dopant was compensated
with an oxygen vacancy, which was indeed found to have a
negative formation energy (−0.12 eV).30
We calculated the oxygen vacancy formation energy of the

Cu-doped slab as:

E E E E
1
2form Cu:CeO Cu:CeO Ox y2 2 2

= +

where ECu : CeOd2 − x
and ECu : CeOd2 − y

are the energies of the slabs
of reduced ceria with a single copper atom, x corresponds to
one more oxygen vacancy than y, and EOd2

is the energy of the
oxygen molecule (from calculations with a single O2 inside a
cubic box of 15 Å edge).
To determine the minimum energy paths (MEPs) of H2

dissociation on the Cu:CeO2 surfaces, we used the climbing
image nudged elastic band method (CI-NEB)42 with seven
images.
Charge transfers and ion oxidation states were estimated

using the Bader approach43 and by the analysis of the partial
densities of states.

■ RESULTS
Experimental Results. The analysis of the Ce 3d XPS

spectra allowed us to determine the evolution of the Ce3+
concentration on the film surface during the reduction cycles.
As shown in Figure 1a, before the thermal treatment, the
spectrum has the characteristic shape of compounds containing
only Ce4+ ions. This means that the introduction of Cu atoms
in 3% concentration within a CeO2 film does not induce
detectable deviations of the Ce oxidation state, the Ce3+
concentration being below the detection limit. The thermal
treatments in UHV induce only minor modifications of the
shape of the Ce 3d spectra (red line in Figure 1a). The

introduction of H2 at RT is also not effective in modifying the
sample surface stoichiometry. On the contrary, the thermal
treatments in H2 induce significant modifications of the
spectra, consistent with the reduction of a non-negligible
fraction of Ce ions (blue line in Figure 1a). The evolution of
Ce3+ concentration with temperature, estimated from the
fitting of the Ce 3d spectra (see also the Supporting
Information, Figure S1), is shown in Figure 1b. In UHV, the
Ce3+ concentration increases mildly with temperature, reaching
approximately 5%, while it shows a very rapid increase, up to
35% at 770 K, in H2.
To gain information on the possible presence of adsorbed

OH or water surface species during the reducing treatments,
the O 1s XPS spectra after each thermal step in UHV and in
H2 were also measured (Figure 2a). The O 1s spectra of the as-
grown Cu:CeO2 sample show a slightly asymmetric shape
toward higher binding energy even before the introduction of
H2 at RT. Some remarks can be made on the origin of the
asymmetry. The O 1s binding energy in ceria is known to be
very slightly shifted in the presence of O vacancies or O atoms
with reduced coordination.44 However, terrace steps and
defects, which have a non-negligible density on the surface of
the samples we investigated (see below), were shown to be
more effective dissociation sites as compared to regular (111)
surface sites.45 Therefore, a possible reason for the asymmetry

Figure 1. (a) Ce 3d XPS spectra of the Cu:CeO2 sample measured at
RT after the different thermal annealing steps in UHV (red curves)
and in H2 (blue curves). (b) Evolution of the Ce3+ concentration,
evaluated from the fitting of the Ce 3d spectra, with temperature in
UHV (red diamonds) and in H2 (blue dots).
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is the presence of some OH species on the surface even before
any treatment in H2 due to the dissociative adsorption at defect
sites of H2 and/or H2O molecules present in the residual
pressure of the UHV chamber. The possibility that the high
binding energy shoulder is due to O atoms coordinated to Cu
is ruled out, since its binding energy is not compatible with the
one expected for Cu−O bonds,46 even though the large
structural distortions expected to be induced by Cu47 may
represent further dissociation sites. The presence of C−O
bonds on the surface, expected to induce a 2 eV binding energy
shift in O 1s peaks, can be excluded, since the C 1s signal
intensity on the film surface was below the sensitivity of XPS.
While the thermal treatment in UHV does not induce relevant
modifications of the O 1s line shape (red curves in Figure 2a),
the treatment in H2 induces the progressive formation of a
marked shoulder at ∼2 eV higher binding energy (blue curves
in Figure 2a), which is ascribed to the formation of O−H
bonds on the surface. The results of the fitting of the O 1s
spectra shown in Figure 2b provide information on the relative
intensity of the peaks related to O−H bonds and to lattice
oxygen (see also the Supporting Information, Figure S2a). As
shown in Figure 2b, the weight of the OH peak does not
change significantly during the reducing cycle in UHV, while it

increases with temperature in H2, reaching approximately 25%
at 770 K. Moreover, the results of the fit also show that the
binding energy of the shoulder peak progressively shifts toward
higher binding energies with increasing temperature in H2, the
binding energy separation from the O 1s main peak being 1.65
eV at RT and 2.0 eV at 770 K in H2 (see the Supporting
Information, Figure S2b). This supports the hypothesis that
the initial asymmetry is due to OH groups mainly present at
defect sites, while, with H2 exposure at increasing temperature,
OH groups also form at regular surface sites. We note that the
O 1s spectra do not show any peak ascribable to the presence
of adsorbed water on the surface, which is expected at
approximately 5 eV higher binding energy with respect to the
lattice oxygen-related peak48 (see the Supporting Information,
Figure S2a).
Since the O 1s and Pt 4p3/2 photoelectrons have very close

kinetic energies (see the Supporting Information, Figure S2a)
and consequently comparable escape depths, the ratio of the
intensity of the two peaks was used to determine the evolution
of oxygen vacancy concentration with the different treatments.
Figure 3 reports the ratio between the O−Ce, e O−H and total
O 1s intensity and the Pt 4p3/2 intensity and their evolution
with the thermal treatments in UHV and in H2. The two
components in Figure 3a,b do not show relevant variations in
UHV, consistent with the very small increase in Ce3+
concentration observed in Figure 1b (we note that O 1s
photoelectrons have a lower surface sensitivity than Ce 3d ones
due to their higher kinetic energy and, therefore, the O 1s
intensity is less sensitive to small changes in surface
stoichiometry than Ce 3d). In H2, the O−Ce component
drops significantly after the treatment at 470 K, while for
higher temperatures, its decrease is less pronounced (Figure
3a). The increase in OH intensity is instead mild at 470 K and
more pronounced at higher temperatures (Figure 3b). The
observed trend may indicate that a process that leads to the
formation of O vacancies in H2, namely, water formation and
desorption, is initiated at 470 K, possibly inducing the removal
of O atoms with low coordination from defect sites. At higher
temperatures, the O−Ce decrease is less pronounced, possibly
due to the finite density of defect sites and the need of
temperatures even higher than 770 K to remove further O
atoms from regular surface sites. This explains the trend of the
total O signal (Figure 3c), which is systematically lower in H2
than in UHV (despite the large error bars due to the low
intensity of the Pt 4p3/2 signal), with the drop at 470 K
indicating the onset of water formation and the essentially
constant trend at higher temperatures being due to further
water formation and desorption, partially compensated by the
readsorption of OH species during the cooling phase.
The Cu 2p line shape has a rather low intensity, and it is

superimposed with a plasmon-related satellite of Ce 3d line.
The Cu LMM Auger line, often used for the identification of
the Cu oxidation state, has an even lower intensity. In spite of
the relatively long acquisition times, it was not possible to
unambiguously determine the Cu oxidation state and its
possible evolution from the spectra (see the Supporting
Information, Figure S3).
The morphology of the sample surface was investigated by

STM. Figure 4 shows the surface topography before the full
reducing thermal treatment in H2. The surface morphology is
rather rough and shows different contrast levels. The brighter
contrast areas are irregular protrusions with a lateral size below
10 nm. The surface below the protrusions is not uniform. The

Figure 2. (a) O 1s XPS spectra of the Cu:CeO2 sample measured at
RT after the different thermal annealing steps in UHV (red curves)
and in H2 (blue curves). (b) Ratio between the areas of the two peaks
corresponding to OH and to lattice oxygen, evaluated from the fitting
of the O 1s spectra, at each thermal annealing step in UHV (red
diamonds) and in H2 (blue dots).
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height difference between the different contrast levels, as
shown by the height profile in Figure 4c, is compatible with
different CeO2(111) planes being exposed (expected inter-
planar distance, 3.12 Å). After the reducing treatments in H2,
STM imaging was unstable, possibly due to the interaction
between the tip and OH groups on the surface. However,
major morphological rearrangements could be excluded (see
the Supporting Information, Figure S5).
Theoretical Results. To gain insight into the evolution of

the Ce3+ ion concentration during the thermal cycles, we
studied the reduction of the Cu:CeO2 surface using DFT. In

our calculations, the stable Cu:CeO2 surface has a compensat-
ing oxygen vacancy, Vo, located near the Cu atom, which has a
2+ oxidation state (Cu2+).

Reduction in Vacuum. The increase in temperature can
lead to the formation of additional oxygen vacancies on the
stable surface. To investigate this possibility, we considered the
formation of a second Vo (additional to the charge
compensating one). Two kinds of oxygen vacancies can be
created on the stable surface. In the first one, with Eform = 1.0
eV, the removed O is not one of the four oxygens directly
bonded to the Cu atom, but one of the atoms displaced away
from it by the Cu-induced distortion of the CeO2 lattice. Since
the removed oxygen does not form a direct bond with Cu, the
oxidation state of the noble metal remains the same, Cu2+,
whereas two Ce ions are reduced to Ce3+. In the other type of
vacancy, with Eform = 1.4 eV, the removal of an oxygen atom
bonded to Cu leads to the reduction of Cu2+ to Cu1+ and the
delocalization of some additional negative charge on two Ce
ions and on surface O ions. For comparison, the oxygen
vacancy formation energy is much higher, Eform = 2.02 eV, on
the pristine ceria surface. Thus, the thermal treatment creates
more oxygen vacancies at lower temperatures on the Cu-
modified surface than on pristine ceria and some of these Vo’s
will produce Cu1+ species. These are highly reactive, since the
preferred oxidation state of Cu is Cu2+.

Reduction in a H2 Atmosphere. In a H2 atmosphere, an
additional reaction, H2 dissociative adsorption, can occur. This
reaction, like the creation of oxygen vacancies, is activated by

Figure 3. Ratio between the area of the different components of O 1s
and the area of Pt 4p3/2 XPS peaks for the Cu:CeO2 sample measured
at RT after the different thermal annealing steps in UHV (red
squares) and in H2 (blue dots): (a) O−Ce component; (b) O−H
component; (c) sum of the two components.

Figure 4. STM images of the Cu:CeO2 sample: (a) 100 × 100 nm2

(2.7 V, 0.03 nA); (b) 50 × 50 nm2 (2.67 V, 0.03 nA). (c) Height
profile across the blue broken line shown in panel (b). The blue dot
marks the initial point of the profile.
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the increase in temperature. On the stable Cu:CeO2 surface,
the activation energy Ea for H2 dissociation is slightly smaller
than on pristine ceria (+0.80 eV against 0.99 eV). However,
the presence of the highly reactive Cu1+ species on the surface
can decrease the energy barrier for H2 dissociation
substantially. To show this, we have considered the stable
surface with one additional Vo per unit cell generating the Cu1+
cation and obtained a strongly decreased Ea1 = 0.33 eV for the
H2 dissociation barrier. In Figure 5, the calculated minimum
energy path (MEP) for H2 dissociation on such a surface is
shown.

The Cu1+ cation plays an active role in the dissociation of
the H2 molecule, at variance with what occurs with the Cu2+
cation. H2 binds first to Cu and to an O atom, lowering the
activation barrier and facilitating the breaking of the molecule.
The 0.33 eV activation barrier in the presence of Cu1+ is
similar to the one calculated for Ag:CeO2.

30

In the last step, the hydrogen atom moves to a nearby
oxygen atom, overcoming a similar energy barrier, 0.37 eV, to
complete the dissociative adsorption of hydrogen on the
surface, which gives rise to two O−H groups. Altogether, our
DFT calculations suggest that a larger number of oxygen
vacancies are formed on the Cu:CeO2 surface than on pristine
ceria with increasing temperature. Although most of these
vacancies generate Ce3+ cations, Cu1+ cations are also
generated. These species favor the low-temperature dissocia-
tion of the H2 molecules and the consequent formation of OH
groups on the surface. The adsorbed hydrogen atoms donate
electrons to the surface, increasing the Ce3+ and Cu1+ surface
concentration. The higher the temperature, the higher is the
expected concentration of Cu1+ cations and the consequential
increase in the dissociative H2 adsorption on the surface.
We note that the supercell size does not significantly

influence the computed formation energy of the first
(compensating) oxygen vacancy, which has a comparable
value in the case of (3 × 3) and (4 × 4) unit cells, as
considered here. By analogy, we do not expect a significant
dependence of the activation barriers on the size of the
supercell used for the calculations.

■ DISCUSSION
Our combined experimental and DTF results allow us to
obtain valuable information on the interaction between
Cu:CeO2 and H2. Our calculations predict a barrier for H2
dissociation on the stable (111) surface of Cu:CeO2−x of 0.8
eV, not significantly lower than the barrier on the pure CeO2
surface (0.99 eV).1,30 However, the dissociative adsorption of
H2 on Cu:CeO2−x leads to the reduction of a Ce ion from 4+
to 3+ and of a Cu ion from 2+ to 1+. The Cu1+ species is very
reactive and significantly decreases the dissociation barrier for
an additional H2 to about 0.33 eV, a value much lower than on
pure CeO2.

1,30 Based on these results, it is reasonable to
assume that the initial dissociation of H2 on the Cu:CeO2
surface is promoted by temperature and possibly also by the
non-ideal surface morphology of the films investigated here,
where extended terrace edges, kinks, and other defect-related
low coordination sites may contribute to a further decrease in
the barrier for H2 dissociation. After the initial dissociation, the
Cu1+ ions present on the surface greatly facilitate further
dissociation. This explains the marked increase in Ce3+
concentration during the thermal cycle in H2 experimentally
observed by XPS (Figure 1b). The same mechanism allows us
to ascribe the increase in the OH-related signal with
temperature (Figure 2b) to the gradually more efficient
dissociation of H2 molecules as the temperature is increased,
leading to the formation of surface OH groups upon cooling.
Although, in the present work, water formation is not explicitly
simulated, our recent results for Ag:CeO2 suggest that water
formation and desorption can explain the observed decrease in
O 1s/Pt 4p3/2 ratio already at mild temperatures (Figure 3).
The creation of an O vacancy due to water formation and
desorption leaves the two Ce ions involved in H2 dissociation
in the 3+ oxidation state. For this reason, the increase in Ce3+
concentration with respect to the initial value during the
thermal cycle in hydrogen (Figure 1b) can be partly ascribed
to the electrons left on the lattice by oxygen vacancy formation
and partly to those left by H2 dissociation and OH formation
during the cooling phase. We note that although, in the present
work, it was not possible to reliably determine the Cu
oxidation state experimentally, previous work showed that
Cu1+ species can be stabilized both in the form of dopants in
ultrathin ceria films15 and by depositing Cu atoms at RT on a
pure ceria surface.30,49

Interestingly, the Cu:CeO2 film in a H2 environment
investigated in this work showed a behavior different from
that of both pure CeO2 and Ag-modified CeO2 films of the
same thickness grown with the same method in the same
conditions, although with a higher dopant concentration.1 A
direct comparison of the Ce3+ concentration and OH surface
concentration with the thermal treatment in H2 for the Ag- and
Cu-doped samples is reported in Figure 6. In the Ag-doped
sample, the Ce3+ and OH concentrations only show a mild
increase upon thermal treatment in H2, in spite of the higher
Ag concentration. Figure 7 summarizes the reactions that are
predicted by the model to occur on the two stable doped
surfaces, i.e., the surfaces on which the spontaneous formation
of the compensating oxygen vacancy has taken place. The
scheme shows that on Ag:CeO2, the formation of an additional
O vacancy, or the dissociative absorption of hydrogen, leads to
the localization of one of the two electrons on the Ag dopant,
which changes its oxidation state from 2+ to 1+, while only one
of the electrons is localized on a Ce ion, which changes its

Figure 5. Minimum energy path (MEP) for H2 dissociation on the
Cu:CeO2−x surface with two (one compensating and one additional)
O vacancies and the Cu1+ cation at T = 0 K. IS denotes the initial
state, and TS1 and TS2 denote the transition states whose activation
energies (in eV) are 0.33 and 0.37, respectively. FS1 is the first final
state after H2 dissociation with one H on the Cu atom, and FS2 is the
second final state at a lower energy with the H atoms on two O atoms.
In the side and top views shown for each state, gray, red, and orange
balls represent Ce, O, and Cu atoms, respectively, while the small
light-blue balls are H atoms.
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formal oxidation state from 4+ to 3+. On the Cu-doped
sample, instead, the lower reducibility of Cu as compared to Ag
ions makes it much more likely for both electrons left by an O
vacancy to localize on two Ce ions. Moreover, the formation
energy of the second oxygen vacancy is higher for the Cu-
doped sample than for the Ag-doped sample. Therefore, the
different redistribution of charge after O vacancy formation or
H2 dissociation in the two systems can explain the more
pronounced increase of Ce3+ in Cu:CeO2. The rationale for the
higher OH surface concentration in the case of the Cu-doped
sample with respect to the Ag-doped one during the reduction
cycles in hydrogen can be found in the lower concentration of
surface O vacancies.
We note that the Ce3+ concentration shows a similar trend

also in UHV, with the Cu (Ag)-doped sample having a
systematically higher (lower) concentration than the undoped
film (Figure S6). Moreover, the films investigated here have a
significantly lower reducibility in UHV than the much thinner
Cu:CeO2 films investigated in ref 15, in agreement with the
already observed dependence of the reducibility on the
thickness of the film, ascribed to the interaction with the
substrate.50,51

Ag and Cu dopants exhibit a very different behavior. Ag
captures part of the excess electrons released by the oxygen
vacancies or when H2 is dissociatively adsorbed on the surface
because Ag1+ is the most stable oxidation state. On the
contrary, in the case of Cu-doped ceria, the excess electrons
prefer to localize on the Ce ions, and Cu keeps its most stable
2+ oxidation state. Interestingly, however, when some Cu1+
species are formed, driven by the thermal treatments, the
barrier for H2 dissociation can be significantly decreased,
leading to a further increase in the concentration of Ce3+ and
surface OH groups as compared to the case of pure ceria.

■ CONCLUSIONS
The surface of a Cu-modified cerium oxide film undergoes
important changes with reducing thermal cycles in hydrogen.
Although the morphology on a scale of tens of nm is not
modified and in spite of the relatively low concentration of Cu
atoms within the oxide matrix, a substantial Ce3+ concentration
is induced by reduction in a hydrogen atmosphere. This is
ascribed to the dissociation of H2, to the associated formation
of surface OH groups, and to the creation of O vacancies upon
water formation and desorption. DFT modeling has allowed us
to attribute the observed changes to the significantly lower
barrier for hydrogen dissociation in comparison to pure CeO2,
induced by the presence of highly reactive Cu+1 species on the
surface. Our results prove that Cu can be a very effective
dopant for CeO2, since it can promote efficient H2 dissociation
at relatively low concentrations.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c04442.

Procedure for the evaluation of Ce3+ concentration from
the Ce 3d XPS spectra and parameters obtained from
the fit; procedure for the fitting of the O 1s XPS spectra
and parameters obtained from the fit; procedure for the
evaluation of the Cu concentration from the Cu 2p XPS
spectra; LEED patterns; STM images after the reducing

Figure 6. (a) Ce3+ concentration and (b) OH surface concentration
after the different thermal annealing steps in H2 for the 3% Cu-doped
sample investigated here, a 10% Ag-doped film, and a pure CeO2 film,
with the latter two investigated in ref 1.

Figure 7. Sketch of the two doped surfaces exposed to H2 with an O
vacancy. (a) On the Ag:CeO2 surface, the dissociative absorption of
H2 or the formation of an O vacancy reduces a Ag atom, which
changes its oxidation state from 2+ to 1+, and a Ce atom from 4+ to
3+. (b) On the Cu:CeO2 surface, the dissociative absorption of H2 or
the formation of an O vacancy preferentially reduces two Ce atoms.
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