
Toward an Understanding of Selective Alkyne Hydrogenation on
Ceria: On the Impact of O Vacancies on H2 Interaction with CeO2(111)
Kristin Werner,*,† Xuefei Weng,† Florencia Calaza,†,‡ Martin Sterrer,§ Thomas Kropp,*,∥

Joachim Paier,∥ Joachim Sauer,∥ Markus Wilde,*,⊥ Katsuyuki Fukutani,⊥ Shamil Shaikhutdinov,†

and Hans-Joachim Freund†

†Fritz-Haber-Institut der MPG, Faradayweg 4-6, 14195 Berlin, Germany
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ABSTRACT: Ceria (CeO2) has recently been found to be a promising catalyst in the
selective hydrogenation of alkynes to alkenes. This reaction occurs primarily on highly
dispersed metal catalysts, but rarely on oxide surfaces. The origin of the outstanding
activity and selectivity observed on CeO2 remains unclear. In this work, we show that
one key aspect of the hydrogenation reactionthe interaction of hydrogen with the
oxidedepends strongly on the presence of O vacancies within CeO2. Through infrared
reflection absorption spectroscopy on well-ordered CeO2(111) thin films and density
functional theory (DFT) calculations, we show that the preferred heterolytic
dissociation of molecular hydrogen on CeO2(111) requires H2 pressures in the mbar
regime. Hydrogen depth profiling with nuclear reaction analysis indicates that H species
stay on the surface of stoichiometric CeO2(111) films, whereas H incorporates as a
volatile species into the volume of partially reduced CeO2−x(111) thin films (x ∼ 1.8−
1.9). Complementary DFT calculations demonstrate that oxygen vacancies facilitate H
incorporation below the surface and that they are the key to the stabilization of hydridic
H species in the volume of reduced ceria.

■ INTRODUCTION
Ceria (CeO2) is one of the most extensively used oxides in
heterogeneous catalysis.1 Especially in redox reactions, CeO2 is
an efficient catalyst due to its facile oxygen store-and-release
behavior. Within CeO2, Ce

4+ ions are easily reduced to Ce3+

without major structural transformations. In this way, CeO2 can
serve as an oxygen reservoir, which renders it an ideal
supporting material in a variety of oxidation reactions. In
contrast, applying CeO2 as a hydrogenation catalyst may appear
counterintuitive. Recently, however, CeO2 has been found to
act as a remarkable stand-alone catalyst in the selective
hydrogenation of alkynes to alkenes. Peŕez-Ramirez and co-
workers demonstrated its excellent activity and selectivity for
pentyne and acetylene semihydrogenation.2−4 Reportedly,
supported CeO2 even outperforms commonly used Pd
catalysts, which may suggest CeO2 as a promising alternative
to expensive precious metal catalysts.3 Besides CeO2, In2O3,
and FeOx have recently been reported to selectively catalyze the
semihydrogenation of alkynes.5,6 In the case of indium oxide,
oxygen vacancies play a crucial role in the activation of the
catalyst. At the same time, other metal oxides like ZnO or TiO2,
primarily catalyze alkyne isomerization or oligomerization
reactions.7−9 To understand the exact relation between the

oxides’ chemical nature and their catalytic performance toward
alkyne hydrogenation, further studies are of highest interest.
The mechanism of the selective hydrogenation reaction over

CeO2 has been studied theoretically, but still needs
experimental proof.4,10 Theoretical studies on the interaction
of H2 and CeO2(111) showed that H2 dissociates heterolyti-
cally over the Ce and O sites of the surface, which act as a
Lewis acid−base pair.11,12 With the aim of identifying the
properties of CeO2 that render it an efficient hydrogenation
catalyst, we study in this work the interaction of molecular
hydrogen with ceria surfaces of different O vacancy density, i.e.
different degrees of reduction.
Previous work on CeO2 catalysts suggested that the nearly

stoichiometric CeO2(111) surface is more active in the selective
hydrogenation reaction than the vacancy-rich CeO2(100).

13,14

This finding points toward a detrimental influence of oxygen
vacancies on the hydrogenation reaction.
The apparent effect of oxygen vacancies on the hydro-

genation reactivity makes it essential to study the process on
atomically well-defined CeO2 surfaces with a controlled amount
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of O vacancies. The fabrication of such surfaces demands strict
control over the preparation conditions, which is achieved in
ultrahigh vacuum (UHV) environments, as they are typically
employed in surface science. It has been reported that the
dissociation of H2 over CeO2(111) does not occur under the
usual pressure limitations of UHV setups.15,16 In consequence,
previous studies on the interaction of H and well-defined CeO2
used atomic H sources or mimicked surface hydrogenation by
dissociating H2O over reduced CeO2−x.

15,17,18 Experimental
work on H2 dissociation on CeO2 was exclusively performed on
powder samples.19−24 By studying UHV-prepared samples in a
high pressure cell, we are able to study the dissociation of
molecular H2 on atomically well-defined CeO2 surfaces.
Past studies on hydrocarbon hydrogenation over Pd model

catalysts revealed the important role of absorbed H species
below the surface.25−32 In this respect, a central question of the
present work is whether CeO2 may store hydrogen below the
surface as well. Previous studies addressing this question
investigated powder samples and have come to controversial
conlusions.19−24 Some authors report the incorporation of H
into the CeO2 bulk,19−22,24 while others claim that hydro-
genation is a pure surface process.23 Very recent work by
Ramirez-Cuesta and co-workers suggested hydride incorpo-
ration into bulk O vacancies after H2 dissociation on reduced
CeO2−x.

24 This study, however, was performed on CeO2 rods
with various surface terminations and surface defects, so that it
remains unclear whether the hydrogenation-active CeO2(111)
surface alone would also incorporate H. Moreover, inelastic
neutron spectroscopy, which the study used to probe H in the
volume of CeO2, cannot give information about the depth
distribution of H species, which would be desirable to estimate
the influence of these H species on surface reactions.
In this work, to exclusively study the interaction of H2 with

CeO2(111), we make use of well-ordered CeO2(111) thin films
grown on Ru(0001) as model systems. The oxygen vacancy
concentration of these films can be varied in a controlled
manner.33−36 This allows us to study the role of oxygen
vacancies on the interaction with H2. We carried out hydrogen
adsorption experiments using infrared reflection absorption
spectroscopy (IRAS) in combination with density functional
theory (DFT) calculations and examined the depth distribution
of H species in the near-surface region of H2-exposed ceria
films by nuclear reaction analysis (NRA). The latter provides us
with a direct probe of the spatial distribution of H species
within the ceria films. We show that H2 dissociates both on
stoichiometric CeO2(111) and on reduced CeO2−x(111) thin
films. On CeO2(111), the H species formed by dissociation
predominantly stay on the surface, whereas they incorporate
into the oxide film volume of reduced CeO2−x(111).
Complementary DFT calculations suggest that the incorpo-
ration of H into the bulk of reduced ceria is closely related to
the existence of O vacancies that can stabilize H as a hydridic
species.

■ EXPERIMENTAL METHODS
Experiments were carried out in two UHV chambers (base pressure ∼
1 × 10−10 mbar). The first chamber in Berlin is equipped with an IR
spectrometer (Bruker i66v), a LEED instrument (Specs ErLEED
1000-A), and XPS (Specs XR 50, PHOIBOS 150 MCD). We
performed the in situ IRAS experiments in up to 10 mbar of D2
(Linde, 5.0) in a built-in high pressure cell sealed by spring-loaded
Teflon rings. IRA spectra were recorded with 500 scans and a spectral
resolution of 4 cm−1. XP spectra were recorded with Al Kα radiation in
normal emission (sample normal to analyzer) and in grazing emission

modes (sample 60° off-normal). Nuclear reaction analysis (NRA)
measurements were performed in the second UHV chamber at the 1E
beamline of the MALT accelerator at the University of Tokyo. The
setup is equipped with a γ-ray scintillation detector (BGO, Oken) for
NRA along with all necessary equipment for in situ sample preparation
and a Pd-membrane diffusion purifier (P+E 2001) for the production
of ultrapure (9N) H2.

37

The CeO2(111) and CeO2−x(111) thin films have been prepared by
vapor deposition onto a Ru(0001) substrate. It has been shown
previously that CeO2(111) films may be prepared on various metal
substrates and that these films show essentially the same physical and
chemical surface properties as bulk CeO2.

38 Through CO dosage
followed by TDS measurements (where no adsorbed CO was
detectable) we carefully verified that the CeO2(111) films were fully
closed, i.e., that our samples did not contain any open patches of Ru
that would have been accessible from the gas phase. We may thus
securely rule out H2 dissociation and supply of atomic H to the
CeO2(111) films from the substrate.

In both chambers, a Ru(0001) single crystal (MaTeck GmbH) was
spot-welded to a sample holder with Ta wires. The sample was heated
by resistive heating or e-beam heating and cooled with liquid N2. The
sample temperature was controlled using a type K thermocouple spot-
welded to the backside or edge of the crystal. The clean Ru(0001)
surface was prepared by repeated cycles of Ar+ sputtering and UHV
annealing up to 1250 K.

To grow CeO2 films, the clean Ru(0001) surface was first exposed
to 1 × 10−6 mbar of O2 at 980 K and cooled down to 300 K to form a
3O(2 × 2)-Ru(0001) structure. Then Ce (99.9%, Sigma-Aldrich) was
vapor deposited onto the 3O(2 × 2)-Ru(0001) surface in an O2
atmosphere (1 × 10−6 mbar). Ce was evaporated from Mo crucibles in
an e-beam evaporator (Focus EFM3). We ensured proper wetting of
the substrate by depositing the first layers at a sample temperature of
∼100 K. Then the temperature was raised to 673 K at a rate of 1 K/s
(while keeping the Ce flux) and kept constant during deposition of the
next layers. Deposition at 673 K was performed in cycles that included
30 to 60 min of Ce evaporation and subsequent annealing in 10−6

mbar O2 at 980 K for several minutes to ensure good film ordering.
LEED from the resulting films showed a hexagonal (1.4 × 1.4) pattern
with respect to Ru(0001), which is characteristic for CeO2(111) due
to its 40% larger lattice parameter. We estimate the thickness of the
films from the attenuated Ru 3d signal in XPS to be 4−6 nm. For more
details on the growth procedure, please refer to refs 39−41.

Reduced CeO2−x(111) thin films were prepared by UHV-annealing
the CeO2(111) thin film at 1000−1200 K for 10−40 min. These films
show a complex LEED pattern with a (√7 × √7)-R19.1°
superstructure of oxygen vacancies.33,42

As judged by LEED and XPS, the reduced film can be reoxidized to
the stoichiometric CeO2(111) film in 10−6 mbar of O2 at 980 K,
suggesting that oxidation and reduction are fully reversible. Thus,
experiments on the oxidized and reduced films can be performed with
the same sample.

NRA via the resonant 1H(15N,αγ)12C nuclear reaction (15N + 1H →
12C + α + γ) was used to analyze the H depth distribution in the H2-
exposed thin ceria films, using monochromatized 15N2+ ion beams of
20−40 nA near the narrow (1.8 keV) reaction resonance energy, ER =
6.385 MeV. The method is described in detail elsewhere.37,43−46

Briefly, the γ-ray yield emitted in the nuclear reaction normalized to
the number of incident 15N ions quantitatively determines the density
of 1H nuclei in the sample. The 15N ion current is measured with a
Faraday cup on the beamline and the γ-detection efficiency was
calibrated with Kapton ((C22H10O5N2)n) foil as a H concentration
standard. 15N ions incident at ER detect H on the sample surface,
whereas those incident at higher energy (ER + ΔE) probe H
underneath the surface at a depth d = ΔE cos(αi)/S. Here, S is the
stopping power of the sample material for the 6.4 MeV 15N ions (S =
2.6713 keV/nm for CeO2), and αi is the incidence angle of the

15N ion
beam relative to the surface normal. All measurements were performed
at αi = 60°. Scanning the 15N energy through and beyond ER reveals
the depth profile of H in the sample. Due to the finite depth
resolution, H within a narrow region beneath the surface cannot be
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distinguished from H on the surface when the incident 15N energy is
fixed at ER. The thickness of this simultaneously probed region is given
by the width (fwhm) of the Doppler-broadened37 surface resonance
peak, which amounts to a few O−Ce−O trilayers of CeO2.

38

■ COMPUTATIONAL METHODS
Calculations were performed using the projector augmented wave
method (PAW)47,48 as implemented in the Vienna ab initio simulation
package (VASP).49,50 The onsite Coulomb interaction of occupied f
orbitals is corrected via the DFT+U approach51,52 employing the
functional of Perdew, Burke, and Enzerhof (PBE),53 and an effective
Hubbard-type U parameter of 4.5 eV for the Ce 4f electrons (see ref
54). While the choice of the U parameter affects reaction energies,55

we are confident that our approach yields reliable results, which was
tested by comparing with results obtained using more reliable hybrid
functionals (e.g., ref 56). The specific implementation of DFT+U
follows Dudarev et al.57,58 A plane wave kinetic energy cutoff of 600 eV
was used and structure optimizations were performed until forces
acting on the relaxed atoms were below 0.02 eV/Å.
The p(4 × 4) surface unit cell was generated by cutting bulk CeO2

in (111) orientation with a cell vector of 1552 pm. Our slab model
consists of nine atomic layers (Ce48O96), where the lowest trilayer is
frozen to simulate the bulk. The vacuum layer was set to 10 Å. Because
of the large cell, sampling the Brillouin zone was restricted to the Γ
point.
Optimized structures were proven to be minima by the absence of

imaginary vibrational frequencies; for each transition structure, only
one imaginary frequency was obtained. These calculations include all
adatoms and the topmost three atomic layers. Harmonic force
constants are calculated as numerical derivatives with atomic
displacements of ±1.5 pm. Entropies and zero-point vibrational
energies (ZPVE) are calculated from these frequencies. All energies
reported herein were obtained using PBE+U and include ZPVE.
For OH (OD) stretching modes, a scaling factor of f = 0.9773 ( f =

0.9934) is employed, which was derived in ref 59 as the ratio of
observed fundamentals and the average of the calculated harmonic
wavenumbers of the symmetric and asymmetric stretching modes of
water.
Transition structures are obtained by NEB calculations60,61 in

combination with the climbing image method62 as implemented in
VASP. Four images were used for each NEB calculation with a spring
force of 5 eV/Å. The improved dimer method was used to refine these
structures.63,64

■ RESULTS
In the present work, we study well-ordered CeO2(111) and
CeO2−x(111) thin films. Figure 1 shows typical Ce 3d XP
spectra and LEED patterns of the CeO2(111) film as grown
(top) and after reduction by UHV annealing (bottom). In the
following, we will refer to these films as “stoichiometric” or
CeO2(111) and “reduced” or CeO2−x(111) films, respectively.
We have shown previously40,65 that the stoichiometric films are
characterized by a low density of point defects, at least on the
terraces. The same holds true for the reduced films as shown in
an STM study by Matolıń and co-workers.33

The Ce 3d XP spectrum of CeO2(111) shows characteristic
peaks for Ce4+38,66−70 which are commonly described in terms
of three doublets. The spectra were recorded both in normal
and grazing emission geometry (60° off-normal), in order to
extract information on the Ce oxidation states in the bulk and
at the surface of the ceria films. For CeO2 films, the information
depth in normal mode is about 3 nm, while it is about 1.5 nm in
grazing mode (60°).33

For the CeO2(111) film, the relative intensity of the Ce 3d
features is the same in grazing and normal emission geometry,
indicating that the Ce ions are fully oxidized to Ce4+

throughout the CeO2(111) film.

The reduced CeO2−x(111) thin films show a complex LEED
pattern with the characteristic (√7 × √7)-R19.1° super-
structure formed by O vacancies.33 The sharpness of the LEED
spots varies with the preparation conditions. Compared to
stoichiometric CeO2(111), additional features appear in the XP
spectra which are characteristic for the Ce3+ state.33,38,66 Strong
enhancement of the Ce3+-related signals in the spectra recorded
under grazing emission indicates that the Ce3+ ions are mostly
located in the first few atomic layers. This finding is in full
agreement with the XPS study by Matolıń and co-workers,
which described the film as being reduced mainly at and near
the surface with a reduction gradient toward the oxidized bulk
phase.33

From the total peak areas of the deconvoluted Ce3+ and Ce4+

signals in the Ce 3d spectrum, A(Ce3+) and A(Ce4+), we
calculate the ratio of Ce3+ ions among all Ce ions as A(Ce3+)/
[A(Ce3+)+ A(Ce4+)]. Taking into account the complexity of
the Ce 3d spectrum and the uncertainty of the subtracted
Shirley background, we estimate a maximum error of
±5%.33,71,72 We obtain a reduction of 34% (14%) Ce3+ in
grazing (normal) emission mode corresponding to the
stoichiometry CeO1.83 (CeO1.93). As a single O vacancy reduces
two Ce4+ ions to Ce3+, this translates to 17% (7%) of the O
sites being vacant. To estimate the depth distribution of the
vacancies inside the CeO2−x(111) film, we followed refs 33 and
73, and assumed a simplified model of the surface, where a
partially reduced (√7 × √7)-R19.1°-CeO2−x layer is stacked
on top of a stoichiometric CeO2 film without intermixing. With
this model, we estimate that vacancies are present up to a depth
of ∼0.9 nm (∼3 O−Ce−O trilayers). Given that the actual
system will have a reduction gradient,33 we expect vacancies
also in greater depths. For more details on the XPS analysis,
please refer to the Supporting Information (section S1).
The ceria films were exposed to D2, while IRA spectra were

recorded to monitor stretching vibrations of hydroxyls, ν(OD),
which we expect to appear in the case of D2 dissociation.

11,12,74

During these experiments we took thorough precautions to
avoid OD formation through D2 dissociation at the hot filament
of a nearby ion gauge, which could be observed to occur even at
pressures as low as 10−6 mbar (Figure 2b). It is known that hot

Figure 1. Ce 3d XP spectra and LEED patterns (at 102 eV) of the
fully oxidized CeO2(111) (top) and reduced CeO2−x(111) (bottom)
thin films, respectively. The spectra are recorded in normal (0°) and
grazing emission (60°) geometry. The dotted lines indicate the
position of the most prominent Ce3+ features.
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filaments may be a source of atomic D that easily hydroxylates
the CeO2(111) surface.

15,17 Consequently, in order to study the
interaction of molecular hydrogen with our ceria films, we
performed the D2/H2 exposure experiments with all hot
filaments in the vacuum system turned off.
Exposure to 1 mbar D2 at temperatures up to 473 K did not

produce any OD signals (Figure 2a). In contrast, OD species
developed even at 300 K, when the D2 pressure was increased
to 10 mbar (Figure 2c). Different from the single sharp OD
signal observed for atomic D on CeO2(111) (2683 cm−1,
Figure 2b) produced by a hot ion gauge filament for
comparison, we here observe vibrations in a broad frequency
range between 2800 and 2600 cm−1. The signal is not
symmetric, as would be expected from natural broadening of a
single line. The irregular peak shape and the broadness of the
feature point toward the presence of multiple OD species on or
within the CeO2(111) thin film. In repeated experiments, the
shape of the broad feature varied, which we interpret as a
change of the intensity ratios of the different OD signals. We
observe similar OD signals on the reduced CeO2−x(111) thin
film after D2 exposure under the same conditions (Figure 2d).
To shed light on the nature of the OD species observed by

IRAS, we calculated their vibrational frequencies on a
stoichiometric CeO2(111) surface by DFT. We considered
three possible surface OD species that differ by the oxidation
state of the coordinating Ce ions. The calculated (scaled)
frequencies are summarized in Figure 3. The calculations
suggest frequencies for surface OD groups between 2745 and
2708 cm−1, which depend on the number of neighboring Ce3+

ions such that the frequency increases with the local degree of
reduction. All calculated frequencies fall in the range observed
experimentally. The calculations predict that OD groups
formed in the CeO2 bulk (i.e., coordinated by four Ce ions),
are considerably red-shifted, i.e., to ∼2510 cm−1. Since we do
not observe any significant intensity in this frequency range, we

may safely assign the observed IRAS bands to surface OD
species. The IRAS data in Figure 2 thus demonstrates that the
D2 dissociation takes place on both the stoichiometric
CeO2(111) and on the reduced CeO2−x(111) thin films.
We next applied NRA to assess whether hydrogen species

may incorporate into the ceria films upon H2 exposure. The
NRA measurements were performed after exposing the
CeO2(111) and CeO2−x(111) films to 10 mbar of H2 for 15
min at 300 K. We then evacuated the H2 and obtained the NRA
data at the same temperature. The results are summarized in
Figure 4.
On the stoichiometric CeO2(111) film (Figure 4a), we

observe a symmetric γ-yield profile of 13.6 ± 3.2 keV width
(fwhm) that peaks near but not right at the surface. The slightly
shifted peak position in about 0.6 ± 0.4 nm depth indicates that
H species are mostly located on the surface and potentially also
within a shallow region below the surface that, however, does
not reach deeper than ∼1.5 nm, i.e., comprises only a few oxide
layers. From the integrated γ-ray intensity and our calibrated
sensitivity, the total amount of H in the surface layer of the
CeO2(111) thin film is evaluated to 0.5 ± 0.1 ML (one ML
refers to the number of O sites on the surface of stoichiometric
CeO2(111), i.e., 1 ML = 4.5 × 1014 cm−2). We subsequently
recorded a second H depth profile on the same sample to
evaluate the possible influence of the NRA ion beam on the H
distribution, as a certain degree of beam-induced H desorption
may occur during the NRA analysis.37 The second profile in
Figure 4a, however, is identical to the first one within the
experimental accuracy, showing that the H species in the
shallow near-surface layer of oxidized CeO2(111) are rather
stable. Measurements of the initial surface H signal (beam
energy fixed at 6.385 MeV) as a function of the accumulated
15N ion dose on freshly H2-exposed CeO2(111) films confirm
this observation (see section S2).
In contrast, for the reduced CeO2−x(111) film, NRA detects

H species mainly near the surface but also in the film volume
(see Figure 4b). Here, the first and the second NRA H profiles
differ considerably. The first H profile in Figure 4b shows a
broad distribution with a maximum near the surface and a large
tail into the depth. The total depth-integrated γ-yield
corresponds to 0.8 ± 0.1 ML of H, i.e., a substantially larger
amount than that found in the surface layer of the fully
oxidized, stoichiometric CeO2 film. The depth extension, peak

Figure 2. IRA spectra of CeO2(111) and CeO2−x(111) thin films
exposed to D2: (a) 1 mbar D2 on CeO2(111) at 473 K, (b) “atomic” D
on CeO2(111) at 473 K, (c) 10 mbar D2 on CeO2(111) at 300 K, and
(d) 10 mbar D2 on CeO2−x(111) at 300 K.

Figure 3. Scaled vibrational frequencies of surface and bulk OD (OH)
groups on CeO2(111), obtained using PBE+U for structures shown
schematically.
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position, and asymmetric shape of the first profile from reduced
CeO2−x(111) indicate that, in addition to surface H, the thin
film contains considerable hydrogen quantities in the entire film
volume, the highest H density residing closely (up to ∼1 nm
depth) underneath the surface with a clear concentration
gradient toward the bulk. The second scan, however, shows
only a narrow (fwhm = 8.3 keV ± 1.8 keV) symmetric peak
centered right at the surface with an integral γ-yield equivalent
to ∼0.4 ± 0.1 ML H, i.e., less than half the amount of H
detected during the first scan. These data suggest that the H
species absorbed in the reduced ceria film volume are
apparently much less stable against desorption by the NRA
ion beam, so that they were already diminished upon
acquisition of the second H profile, which only shows the
remaining H on the surface. As shown in Figure S3, the fact
that the H2-exposure at 300 K builds up significant quantities of
absorbed H inside the reduced CeO2−x film in contrast to
stoichiometric CeO2 is confirmed with increased clarity through
NRA H profiling at 200 K, where the volatile bulk-absorbed H
in CeO2−x is thermally slightly stabilized. Although the
apparently volatile nature of H in the volume of reduced
CeO2−x precludes the quantitative determination of the original
H content from the NRA depth profiles, the qualitative depth
distribution of the absorbed H in CeO2−x that peaks near the
surface and shows a gradient toward the deeper film volume is
clearly reproduced in the profiles of Figures 4b and S3.

■ DISCUSSION
The observation of surface OD species by IRAS (Figure 2)
provides solid evidence for D2 dissociation on both the
stoichiometric CeO2(111) and the reduced CeO2−x(111)
surfaces under the applied conditions (10 mbar, 300 K). The
NRA profiles support these results, showing the presence of H
species on both film surfaces.
To rationalize the experimental results, we performed a DFT

study on the interaction of H2 with CeO2(111). The results are
summarized in Figure 5.
On the CeO2(111) surface (M1), H2 may adsorb molecularly

(M2) with an adsorption energy of ΔE0 = −9 kJ/mol. Starting
from this adsorbed state, H2 may dissociate homolytically or
heterolytically. Along both pathways two surface hydroxyl
groups form as the final product, and two Ce4+ ions are reduced
to Ce3+ (M4). We find that the overall dissociation energy M2
→ M4 amounts to ΔE0 = −218 kJ/mol.

The homolytic dissociation pathway proceeds from the
adsorbed state M2 to the final state M4 through transition
structure TS1 (see Figure 5). TS1 consists of a O···H···H···O
moiety. Along the imaginary mode (i.e., the vibration along the
reaction coordinate; υi = 543 cm−1), the H−H bond is broken
and the H atoms move toward the surface oxygen ions. One of
the two electrons originating from the H2 bond is localized in a
Ce 4f state. The remaining electron is delocalized over the O···
H moiety. The activation barrier for this transition (M2 →
TS1) amounts to ΔE0

‡ = 109 kJ/mol. Forward relaxation of
TS1 yields the final state M4.
Heterolytic dissociation, in contrast, yields the same final

state M4, but proceeds through the transition structure TS2,

Figure 4. NRA hydrogen depth profiles obtained at 300 K after treating (a) stoichiometric CeO2(111) and (b) reduced CeO2−x(111) with 10 mbar
H2 at 300 K. Two subsequent profiles were recorded on both surfaces. The dotted line indicates the resonance energy of the nuclear reaction, hence,
the surface position. The lines through the data are guides to the eye.

Figure 5. Theoretical (DFT) results on the dissociation of H2 on a
CeO2(111) surface. (a) Schematic representation of possible path-
ways. Bold lines represent Ce ions on the surface, dashed lines
represent delocalized electrons. Ce ions are in oxidation state +4 if not
stated otherwise. (b) Energy profile. The plus sign indicates that the
reported energy includes gas phase H2.
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the intermediate M3 and the transition structure TS3.
Transition structure TS2 (υi = 507 cm−1) consists of an O···
H+···H−···Ce moiety. The barrier for the transition M2 → TS2
amounts to ΔE0

‡ = 75 kJ/mol, which is considerably lower than
the activation barrier for homolytic dissociation (i.e., 109 kJ/
mol). Forward relaxation of TS2 leads to the intermediate
structureM3, which consists of a protonated surface oxygen ion
and a hydride coordinated to Ce4+ ions. The reaction energy
(M2 → M3) amounts to ΔE0 = 74 kJ/mol. The energy barrier
for the reverse reaction from M3 to TS2 is less than 1 kJ/mol,
which makes the hydridic M3 a metastable intermediate on
stoichiometric CeO2(111). In a next step toward M4, an
electron is transferred from the H− ion to a Ce 4f state, leading
to transition structure TS3. Along the imaginary mode of TS3
(υi = 331 cm−1), the H atom migrates from the Ce3+ ion to a
lattice oxygen ion with an intrinsic barrier of ΔE0

‡ = 14 kJ/mol
(M3 → TS3). Forward relaxation from TS3 yields M4. These
calculated energy barriers are in good agreement with previous
calculations.11,12,75

Overall, the energetic barriers in the heterolytic dissociation
pathway are considerably smaller than the barrier in homolytic
dissociation. In agreement with previous studies,4,11,12 we
therefore expect H2 to dissociate on the CeO2(111) surface
through a heterolytic pathway.
To include temperature and pressure effects, Gibbs free

energies were calculated in addition (not shown in Figure 5b).
The results are visualized in Figure 6, which shows a phase

diagram for the states M1−M4. The creation of O vacancies
through O release at high temperatures is not included in the
diagram. Molecular adsorption (M2) is endergonic above 100
K due to entropic effects. Therefore, at T > 100 K, the overall
barrier for the surface hydrogenation (M1 → TS3) significantly
exceeds the dissociation barrier (M2 → TS3). We predict fast
surface hydrogenation (k > 1 s−1, i.e., a typical rate constant in
temperature-programmed reduction experiments) to occur at
temperatures above 600 K and at H2 partial pressures above 0.1
mbar. The limiting pressure of 0.1 mbar to achieve H2
dissociation exceeds by far the pressures typically used in
surface science studies and thereby explains why H2
dissociation could not be observed previously on stoichiometric
CeO2(111) at lower H2 partial pressures.

15,16

Moreover, we investigated the effect of O vacancies on the
stability of surface OH groups. Therefore, we introduced a
single O vacancy in the second layer (0.3 nm in depth) of the
(4 × 4) CeO2 unit cell, resulting in a vacancy density of 1/16−

6% with respect to the number of O ions in pristine CeO2.
With this small density of O vacancies, the hydrogenation
energy (M1 → M4) changes from ΔE0 = −227 kJ/mol on
pristine CeO2(111) to ΔE0 = −147 kJ/mol. Thus, O vacancies
in the second O layer destabilize surface OH.
We further investigated whether surface OH might be

transferred to the CeO2 bulk. In principle, H species might be
transferred from the surface into the bulk, where they would
occupy an empty octahedral site and form an OH− species by
coordinating to one of the surrounding O ions. We found,
however, that such a H transfer from the surface to the second
O layer is strongly endothermic, with ΔE = +154 kJ/mol per H
atom. H transfer to a bulk site is even more endothermic, with
ΔE = +179 kJ/mol. The overall hydrogenation energies relative
to 1/2 H2 are ΔE(1/2 H2) = +28 kJ/mol for hydrogenation of
the second O layer and ΔE(1/2 H2) = +53 kJ/mol for bulk
hydrogenation. These values are in good agreement with
previously calculated hydrogenation energies.76 We could not
reproduce the exothermic bulk hydrogenation reported in an
early theoretical study on H2 dissociation over stoichiometric
CeO2.

77 In the presence of bulk O vacancies, bulk hydro-
genation is slightly less endothermic, i.e., ΔE(1/2 H2) = +39
kJ/mol. The DFT-predicted endothermic nature of bulk
hydroxylation for stoichiometric CeO2 is fully consistent with
our NRA H profiles that never show appreciable H quantities in
the volume of the CeO2(111) films. We disregard the
possibility that the H apparently located in the shallow near-
surface layer (implied by the small peak shift of ∼0.5 nm in the
H profiles) of the CeO2(111) films resulted from subsurface
hydroxylation by H2 dissociation on a perfectly ordered and
stoichiometric CeO2(111) surface. It was noted that the size of
this peak shift varied between several depth profiles taken from
the same sample and sometimes (but not always) increased
with the applied 15N ion dose (see section S4). It is reasonable
that H interacts with ion beam-induced defects in the near-
surface layer. Hence, we conclude that the H2 interaction with
ideal stoichiometric CeO2(111) only produces surface hydrox-
yls (provided the temperature remains below the onset of
associative desorption of OH as H2O, which will in turn create
O vacancies in the surface).17

The chemical nature of the H species found inside the
reduced CeO2−x(111) films still needs to be clarified. Since H
incorporation into the bulk of reduced CeO2−x seems to
depend on the presence of O vacancies that carry excess
negative charge near a reduced Ce3+ ion, it may well be that H
exists near O vacancies as a hydride species or as H2. To
investigate this possibility, we performed DFT calculations and
found that H− may occupy vacant O lattice positions. While the
formation of H− inside an isolated O vacancy on the surface (θ
= 1/16) is endothermic with ΔE(1/2 H2) = +76 kJ/mol, the
formation of H− within an isolated bulk O vacancy is basically
energy neutral (+4 kJ/mol). Thus, in the presence of O
vacancies bulk H− is clearly preferred energetically over bulk
OH− (ΔE(1/2 H2) = +39 kJ/mol). Interestingly, the energies
required to substitute bulk and subsurface O ions with a
hydride species are similar (246 and 268 kJ/mol, respectively).
Since the substitution energy is the sum of O defect formation
energy and hydrogenation energy, the differences in the
hydrogenation energies are a result of the different O defect
formation energies for subsurface (170 kJ/mol in refs 78 and
79) and bulk (266 kJ/mol in ref 80) O ions. Thus, hydrogen
destabilizes subsurface O vacancies more than bulk vacancies.

Figure 6. Phase diagram for states M1−M4 in H2 dissociation. p is the
partial pressure of H2, p0 is the standard pressure. The area in which
M4 is formed fast (k > 1 s−1) is marked in green. Efficient dissociation
of molecular hydrogen only takes place at high temperatures and high
pressures.
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The weak stabilization of H− by O vacancies in the bulk of
reduced CeO2−x(111) naturally explains the volatile nature of
the H species in the volume of our reduced CeO2−x(111) films
that are much more susceptible to ion beam-induced
desorption than surface OH on CeO2(111). The H
concentration gradient from the surface toward the bulk
observed in the H profiles of reduced CeO2−x also suggests H-
interaction with O vacancies, which are known to have a similar
depth distribution.33 Our proposed explanation is also fully
consistent with a very recent inelastic neutron scattering study
that reported the formation of Ce hydride species in H2-
exposed ceria nanorods.24 Moreover, the significantly smaller
fwhm of the NRA surface resonance peak in the H profiles of
CeO2−x(111) (∼9 keV) compared to CeO2(111) (13−15 keV)
(see section S5) may be an indication for a different chemical
nature of the probed H species in the two cases−mostly
hydroxyls on CeO2(111) and mostly hydride on CeO2−x(111).
Further experiments to clarify the chemical identity of the
surface H species on CeO2(111) and CeO2−x(111) films are
underway and will be reported elsewhere. Furthermore, studies
on the interaction of H2 with CeO2−x(111) films of variable
oxygen vacancy concentration would be highly desirable to gain
a comprehensive understanding of the underlying chemistry, as
it has been demonstrated for comparable oxide systems.81,82

In summary, both our experimental and theoretical results
show that O vacancies on CeO2(111) are crucial for its
interaction with H2. This finding might explain why previous
studies came to contradicting conclusions on whether H species
may dissolve into CeO2.

19−24 These studies investigated
powder samples, which typically exhibit a high concentration
of defects, such as O vacancies. The nature and the
concentration of these vacancies will vary considerably with
the sample preparation, thus affecting the interaction with H2.
Moreover, our study hints at the possibility that chemically
different hydrogen species exist on and within stoichiometric
CeO2(111) as opposed to reduced CeO2−x(111) films. As
surface OH has been predicted to be part of the rate-
determining transition state for alkyne hydrogenation on CeO2
at large H coverage,10 this might give an important clue to
understand the negative influence of oxygen vacancies on the
catalytic activity of partially reduced ceria in the selective
semihydrogenation of alkynes.

■ CONCLUSIONS

We investigated the interaction of H2 with well-defined
stoichiometric CeO2(111) and reduced CeO2−x(111) thin
films through IR spectroscopy and NRA and found that H2
only dissociates at elevated pressures in the mbar regime. On
the fully oxidized CeO2(111) surface, H species formed by H2
dissociation are primarily located on the oxide surface as
hydroxyls. For the reduced CeO2−x(111) thin films, H is also
found in appreciable quantities in the entire ceria volume. On
the basis of DFT calculations and the shape of the H depth
profile that mimics the O vacancy distribution, we propose that
O vacancies stabilizing H in the form of hydride species in the
oxide bulk are crucial for the incorporation of H in the interior
of reduced CeO2−x films.
We believe that our findings provide an important impetus to

understand the reactivity of CeO2 in selective alkyne hydro-
genation reactions. Reactivity studies on CeO2(111) thin film
model catalysts with controlled O vacancy densities are under
way.

■ ASSOCIATED CONTENT
*S Supporting Information
The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/jacs.7b10021.

Details on XPS evaluation, NRA decay curves, additional
NRA H profiles, beam-induced shifts in NRA profiles,
NRA resonance peak widths, and theoretical simulations
(PDF)

■ AUTHOR INFORMATION
Corresponding Authors
*werner@fhi-berlin.mpg.de
*kropptho@chemie.hu-berlin.de
*wilde@iis.u-tokyo.ac.jp
ORCID
Kristin Werner: 0000-0001-9540-6692
Martin Sterrer: 0000-0001-9089-9061
Joachim Sauer: 0000-0001-6798-6212
Shamil Shaikhutdinov: 0000-0001-9612-9949
Hans-Joachim Freund: 0000-0001-5188-852X
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
This work has been supported by the German Research
Foundation (CRC 1109), COST action CM1104. H.-J.F.
thanks “Fonds der Chemischen Industrie” for support. The
authors are grateful for computing time at the high-perform-
ance computer centers HLRN (North-German Supercomput-
ing Alliance). F.C. and T.K. are grateful for financial support
from the Alexander von Humboldt Foundation. K.W. is a
member of the IMPRS Functional Interfaces in Physics and
Chemistry and is supported through a grant by the DFG-NSFC
(No. FR554/18-1).

■ REFERENCES
(1) Sun, C. W.; Li, H.; Chen, L. Q. Energy Environ. Sci. 2012, 5, 8475.
(2) Vile,́ G.; Bridier, B.; Wichert, J.; Peŕez-Ramírez, J. Angew. Chem.,
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