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Metal-Support Interactions

In Situ and Theoretical Studies for the Dissociation of Water on an
Active Ni/Ce(, Catalyst: Importance of Strong Metal-Support
Interactions for the Cleavage of O-H Bonds**

Javier Carrasco, David Loépez-Durdn, Zongyuan Liu, Tomads Duchon, Jaime Evans,
Sanjaya D. Senanayake, Ethan J. Crumlin, Viladimir Matolin, José A. Rodriguez,* and

M. Verénica Ganduglia-Pirovano*

Abstract: Water dissociation is crucial in many catalytic
reactions on oxide-supported transition-metal catalysts. Sup-
ported by experimental and density-functional theory results,
the effect of the support on O—H bond cleavage activity is
elucidated for nickel/ceria systems. Ambient-pressure O Is
photoemission spectra at low Ni loadings on CeO,(111) reveal
a substantially larger amount of OH groups as compared to the
bare support. Computed activation energy barriers for water
dissociation show an enhanced reactivity of Ni adatoms on
CeO,(111) compared with pyramidal Ni, particles with one Ni
atom not in contact with the support, and extended Ni(111)
surfaces. At the origin of this support effect is the ability of ceria
to stabilize oxidized Ni*" species by accommodating electrons
in localized f-states. The fast dissociation of water on Ni/CeO,
has a dramatic effect on the activity and stability of this system
as a catalyst for the water-gas shift and ethanol steam reforming
reactions.

Water dissociation at surfaces is important in corrosion,
solar energy conversion processes that split water, and in
numerous heterogeneous catalytic reactions on oxide-sup-
ported transition-metal catalysts.'™*] Dissociative chemisorp-
tion of H,O on a catalyst surface, an apparently simple
process, can be an important reaction step, affecting the
performance of many catalytic processes.®’! Therefore, being
able to control the ability of a catalyst to dissociate water is
highly desirable. However, this is a challenging task. For
example, Hundt et al.”! have recently shown how complex

water dissociation can be at the atomic level even on
a relatively simple system, namely a well-defined Ni(111)
metal surface. For oxide-supported metal nanoparticles, our
knowledge of the water dissociation process remains in its
infancy. This is because of the difficulties associated with the
study of metal/oxide catalysts.) On these systems, the
dissociation of water can be affected by the metal particle
size, the nature of the oxide support, and the strength of the
metal-support interactions. Shedding light into such struc-
ture-reactivity relationships has the potential for boosting the
catalytic performance of this class of metal oxide materials.
Herein, using a combination of ambient-pressure X-ray
photoelectron spectroscopy (AP-XPS) and density-functional
theory (DFT) calculations, we investigate the dissociation of
water on a model Ni/CeO,(111) catalyst. Strong electronic
perturbations induced by Ni—CeO, interactions lead to an
unexpectedly low activation barrier for water dissociation,
a phenomenon that can be used to enhance the activity and
selectivity of catalytic processes.

Previous studies have shown that the Ni/CeO, system has
outstanding catalytic activity and selectivity for both the
water-gas shift (WGS, CO + H,0—H,+ CO,) and the etha-
nol steam reforming reactions (ESR, C,H;OH +3H,0—
6H,+2CO0,).>® The behavior of ceria-supported nickel is
quite different from that of bulk nickel, a system that is very
good for CO methanation and undergoes rapid deactivation
by coke deposition during the steam reforming of etha-
nol.>781 The results of core and valence photoemission
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(Supporting Information, Figure S1 and S2) plus DFT calcu-
lations (Figure S3) indicate that Ni atoms in contact with
CeO,(111) are electronically perturbed.’™ They exhibit
a very low density-of-states near the Fermi level (Figure S2
and S3) and a +2 oxidation state (triplet 3d® state).”*! In
Ni2p;, XPS spectra, they display the line-shape and binding
energy expected for Ni*" (Figure S1), with a shift in the main
peak of about 2 eV with respect to that of Ni”.'% At ©; <0.2
ML (monolayers), these Ni*" species are not able to catalyze
CO methanation but exhibit a high activity for the WGS
reaction (Figure $4).*71 A fundamental question remains:
How fast is the dissociation of water on a Ni/CeO, surface?
Ni(111) is not very active for the H,O —OH + H process."

Using AP-XPS, we investigated the adsorption of water
on CeO,(111) and on a Ni/CeO,(111) surface with a small
coverage of electronically perturbed Ni (@y;~0.15 ML). The
background pressure of water and the temperature of the
surface had a strong influence on the type and amount of
species adsorbed on CeO,(111) (Supporting Information,
Figure S5) and Ni/CeO,(111) (Figure 1). Under ultrahigh
vacuum conditions (py,o <1077 Torr), we did not observe
adsorption of water at room temperature. However, water
adsorption was seen when the samples were under water
pressures above 1 x 107 Torr. Part of the chemisorbed water
molecules dissociated to produce OH groups on the surface.
At temperatures of 500 and 700 K, even under a background
water pressure of 200 mTorr, there was almost no chemisor-
bed water on the surfaces and the concentration of adsorbed
OH was also smaller than at 300 K.

Figure 2 shows the curve-fitting of the O1s XPS spectra
collected for CeO,(111) and Ni/CeO,(111) under a water
pressure of 200 mTorr at 300 and 500 K. At 300 K, peaks can
be clearly seen for gaseous H,O, chemisorbed H,O, adsorbed

O1s x0.4

1x10°® Torr 300K|

100 mTorr

Normalized Intensity

200 mTorr

200 mTorr

200 mTorr

| I N T |
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Figure 1. O1s XPS spectra for a Ni/CeO,(111) surface (O ca.

0.15 ML) under different background pressures of water (1x 10 Torr,
100, and 200 mTorr) at 300 K, and during annealing from 300 to 500 K
under 200 mTorr of water.
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Figure 2. O1s XPS spectra for CeO,(111) and Ni/CeO,(111) under

200 mTorr of water at 300 and 500 K. The coverage of Ni in Ni/
CeO,(111) was about 0.15 ML.

OH groups, and O from the lattice of ceria. After curve-fitting
the O 1s spectra, the amount of water and OH groups present
on the surface at 300 K is larger for Ni/CeO,(111) than for
CeO,(111). For example, the OH coverage increases from
0.78 ML on CeO,(111) to 0.90 ML on Ni/CeO,(111). The
enhancement in the signals for H,O and OH is small (10-
25%), but it is consistent with the fact that we only had
a small amount of Ni supported on ceria (Oy;~0.15 ML).
Annealing from 300 to 500 K led to the almost disappearance
of the signal for chemisorbed H,O and a substantial fraction
of the adsorbed OH groups were also removed from both
surfaces. However, as shown in Figure 2, the amount of OH
present on Ni/CeO,(111) at 500K, 0.37 ML, was about
a factor of two larger than on CeO,(111), 0.20 ML. This
larger coverage of OH should facilitate the WGS and ESR
reactions. The OH groups can easily react with CO and CH,
fragments to yield CO, and H,.F"

We performed DFT calculations to gain insight into the
energetics and mechanism for the dissociation of water on Ni/
CeO,(111). Results of scanning tunneling microscopy (STM)
indicate that the ceria substrates used in this study exhibited
(111) terraces and a large number of defects and imperfec-
tions. These defects and imperfections affect the growth mode
of Ni on the ceria.”! At small coverages (< 0.2 ML), Ni is
present on the CeO,(111) substrate as adatoms and small
clusters or particles that can have two-dimensional (single
layer) or three-dimensional (more than one layer) shapes.”)
All these nickel species exhibit an oxidation state close to + 2
in XPS and UPS measurements (Supporting Information,
Figures S1 and S2).F! Ni interacts strongly with the ceria
substrate and upon heating penetrates into the oxide sup-
port.! Solid solutions of the Ce, ,Ni,O, , (x <0.2) type can
be formed.™® In a previous study, the geometry and
electronic structure of isolated Ni atoms (Ni,) and Ni, clusters
supported on the CeO,(111) surface have been studied
(Supporting Information, Figure S3).’! In the case of the
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Ni;/CeO,(111) system, nickel exhibited an oxidation state of
+ 2 and can be taken as a model for individual adatoms on the
ceria surface and for Ni atoms in supported particles that
exhibit a high oxidation state in photoemission and XPS
studies.””) For the Ni,/CeO,(111) system, the most stable
nickel cluster has a pyramidal configuration with three nickel
atoms touching the oxide support and one away from the
surface (a rombohedral quasi-planar configuration is only
about 0.2 eV less stable; Supporting Information, Figure S3
and Table S1).®l The average oxidation state of nickel (ca.
40.5) in Ni,/CeO,(111) was smaller than on Ni,/CeO,(111).!
For pyramidal Ni, (Nig-pyr), Bader charges reflect that the
three base atoms in direct contact with the ceria surface are
positively charged whereas the one at the top is essentially
neutral (Supporting Information, Table S1). Thus, there is
a rapid weakening in the strength of the metal-oxide
interactions when the Ni moves away from the oxide support.
Since a Ni/CeO,(111) (@y;=0.15 ML) surface contains indi-
vidual Ni atoms and small clusters or particles™” the
modeling of the adsorption of water can be a complex task.
Here, we apply the spin-polarized DFT+ U approach as
implemented in the Vienna ab initio simulation package
(VASP)™ to investigate the adsorption and dissociation of
H,O on the Ni,/CeO,(111) (n =1 and 4) systems as well as on
non-reduced and reduced CeO,_,(111) supports, plus the
extended Ni(111) surface. Thus, we will compare the reaction
of water on a system that has strong electronic perturbations,
Ni,/CeO,(111), on a system with moderate electronic pertur-
bations where Ni is moving away from the oxide support, Ni,-
pyr/CeO,(111), and on a system in a pure metallic state,
Ni(111). The comparison will enable us to identify how the
electronic perturbations on Ni affect the reactivity of this
metal towards water.

First we review and discuss water adsorption on the bare
CeO,(111) substrate. Molecular water adsorption (Figure 3 a)
is about 0.4 eV energetically more favorable than complete
dissociative adsorption (Figure 3¢).>'°! Nevertheless, the
molecular state can easily coexist with a OH-pair-like
configuration (Figure 3b), since these two configurations
are separated by a small energy barrier barrier
(£0.15 eV).I*1518] In contrast, the presence of O vacancies
on the surface significantly enhances water dissociation
(Figure 3¢) over molecular adsorption (Figure 3d).[">' This
process is indeed quite exothermic by 1.15eV and it is
effectively barrierless!" (Figure 4), resulting in the water OH
group readily healing the O vacancy and the remaining H
atom being adsorbed on top of a nearest neighbor surface O
atom. However, from a catalytic viewpoint, the OH groups
formed in this way are expected to be less-reactive than those
on top of a regular CeO,(111) surface. When the calculated
reaction energies for water dissociation in Figure 3 (—0.6 to
—1.9eV) are compared with the stability seen for the OH
groups on CeO,(111) in the AP-XPS spectra of Figure 2, it
can be concluded that the surface defects present in the ceria
films used for the experiments probably played an important
role in the binding and dissociation of water on the ceria
support.

On the Ni;/CeO,(111) system, water adsorbs exothermi-
cally (AE = —0.67 eV) on top of a Ce*" site far away from the

Angew. Chem. Int. Ed. 2015, 54, 3917-3921

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angéwandte

Internatic

CeO,(111) CeO,,(111)
OH+H H,0
(b) -0.60 (d) -0.71
O H - OH+H OH+H
@ ni
© o
@ o - [+
U Cet*
0 Ce®*
(¢) -0.17 (e) -1.86
Ni;/CeOy(111) Ni,/CeO,(111) Ni(111)

H,0 ,0

(k) -0.63

Figure 3. Atomic structure of H,O adsorbed on: a)—c) CeO, (111),
d),e) CeO, ,(111), f),g) Ni,/CeO,(111), h),i) Ni,/CeO,(111), and

j),k) Ni(111). Adsorption energies are given with respect to gas-phase
molecules in eV.
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Figure 4. Reaction energy profile for H,O dissociation on the CeO,_,-
(111), Ni;/CeO,(111), Ni,/CeO,(111), and Ni(111) surfaces. The side
views of the optimized initial and final state structures in Figure 3 are
included.

Ni adatom (Supporting Information, Figure S6a). Adsorption
on top of a Ni*' site is less stable (Figure 3 f), but only by
0.13eV. The H,O dissociation (Figure3g) is favored by
0.27 eV and the process is hindered by a very small energy
barrier of 0.13 eV (Figure 4). Note that if the proton is moved
to a next-nearest surface O to the Ni—OH species (close to the
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upper Ce*" in Figure 3g), the system is further stabilized by
0.18 eV (Supporting Information, Figure Séc¢); however, the
energy barrier for H diffusion on the ceria support is likely to
be large (ca. 1.8eV).'! Therefore, as O vacancies at the
CeO,(111) surface, Ni adatoms are effective active sites for
H,O dissociation. However, the OH groups formed on the
Ni;/CeO,(111) system upon dissociation, remain moderately
bound to the Ni adatom and can therefore participate in the
subsequent reaction steps (Figure 4). On the Ni,-pyr/CeO,-
(111) system, the atom in the tip of the Ni, pyramid is not in
direct contact with the oxide substrate and has a reactivity
that is not very different from that of the atoms in Ni(111). On
the Ni,/CeO,(111) and Ni(111) surfaces, H,O dissociation is
exothermic by 0.21 (Figure 3h,i) and 0.34 eV (Figure 3j,k),
respectively. Similar to the Ni; species, for the Ni,/CeO,(111)
system, the further separation of OH and H chemisorbed
species leads to an stabilization of the system (Supporting
Information, Figure S7b and S7c).

A comparison of the energy barriers for H,O dissociation
in Figure 4 (see the Supporting Information, Figure S8, for the
transition-state structures) for Ni,-pyr/CeO,(111) and Ni(111)
points to the unique catalytic activity for H,O dissociation of
ceria supported Ni when this is present in the form of
Ni**cations in contact with the ceria support. In particular, the
energy barrier for the dissociation of a water molecule
adsorbed on top of a supported Ni,-pyr cluster is 0.91 eV
(Figure 4), which is very close to the value of 0.90 eV found
for Ni(111), in agreement with a previous report.[*’l This result
reveals that an atom present in a small Ni, cluster already
resembles the reactivity of extended surfaces when it is not in
contact with the oxide substrate. Thus, Ni*" sites (generated
by strong metal-support interactions) are essential for the fast
dissociation of water. XPS and UPS indicate that they exists
after depositing very small coverages of Ni on CeO,(111)
(Supporting Information, Figures S1 and S2). In STM
images,””! they may correspond to individual Ni adatoms or
to atoms in the corner of Ni particles that are in direct contact
with defects of the ceria substrate. Ni*" sites also can be
generated by the formation of Ce, ,Ni,O, , solid solu-
tions.>11

The ability of Ni*" species supported on CeO, to cleave
O—H bonds is not limited to the water molecule and it may be
applicable to other compounds which also possess an acidic
H. To this end we have investigated the dissociation of
CH;OH as a prototype of alcohols. The dissociative adsorp-
tion of methanol to form methoxy and a hydrogen adatom on
Ni;/CeO,(111) is exothermic by 0.43 eV (Supporting Infor-
mation, Figure S9) with an activation barrier of only 0.23 eV
(Supporting Information, Figure S10). Thus, Ni*" sites prob-
ably play an important role in the steam reforming of alcohols
over Ni/CeO, and Ce, ,Ni,O, , catalysts."”

The fast dissociation of water of Ni/CeO,(111) versus
Ni(111) has a drastic effect in the catalytic activity and
stability of Ni/CeO, during the WGS reaction.®” Figure 5
compares turnover frequencies (TOFs) for the WGS on
Ni(111) and on a Ni/CeO,(111) surface with about 0.15 ML Ni
(T=625K, 20 Torr of CO and 10 Torr of H,0O). For compar-
ison, we also include the corresponding results for a Cu(111)
surface, a commonly used benchmark in studies of the WGS
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Figure 5. TOFs for the production of hydrogen through the WGS
reaction on Ni/CeO,(111) (@y;~0.15 ML), Ni(111), and Cu(111).
T=625 K, pco =20 Torr, pco =10 Torr of H,0.

reaction.”??l The TOFs show that Ni(111) is initially more
active than Cu(111), but the catalytic activity of bulk Ni
decreases with time as a consequence of the deposition of
carbon on the surface through the Boudouard reaction:
2CO—C + CO,. Since the dissociation of water on Ni(111) is
not fast, the WGS cannot compete with the Boudouard
reaction and eventually the surface is deactivated by the
formation of a carbon layer. A similar problem has been
reported for the WGS on Pt(111).”! In the case of Ni/
CeO,(111), the presence of Ni*" sites not only favors the
dissociation of O—H bonds but also makes more difficult the
cleavage of C—O bonds.®! The fast dissociation of water on Ni/
CeO, also helps to prevent coke deposition during the
reforming of hydrocarbons on this material.*” The generated
OH groups react with CH, fragments to yield CO, and H,.””"!
Thus, the Ni/CeO,(111) system illustrates how one can
manipulate metal-support interactions to improve catalytic
activity and stability, a major goal in heterogeneous cataly-
sis.

Our results for Ni/CeO,(111) and recent studies for Au
and Pt on different oxide substrates® ! show that an oxide
support can modify the electronic properties of an admetal in
substantial ways. Charge polarization or a definitive change in
the oxidation state can take place. This is very different from
the traditional strong metal-support interaction (SMSI),
which usually involved the blocking of metal active centers
by oxide particles.?***?l Of particular interest are single
atoms of Ni (this study) and Pt dispersed on ceria, which
are stable, adopt a + 2 oxidation state, and exhibit chemical
properties very different from those of the corresponding
bulk metals.

Experimental Section

Ambient-pressure  X-ray photoelectron spectroscopy (AP-XPS)
studies were performed at the Advanced Light Source in Berkeley,
CA, at beam-line 9.3.2. A VG-Scienta R4000 HiPP analyzer was used.
The high purity of the gases was checked with an RGA and
introduced by backfilling. Traps were utilized along gas lines to
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prevent contamination. The O1s region was probed with a photon
energy of 700 eV and an energy resolution of 0.2-0.3 eV. The Ni/
CeO,(111) surfaces were prepared following procedures reported in
the literature.”!

The catalytic activity of the Ni(111) and Ni/CeO,(111) samples
was studied in a system which combines an ultrahigh-vacuum (UHV)
chamber (base pressure ca. 5x 107" Torr) and a batch reactor.” The
sample could be transferred between the reactor and UHV chamber
without exposure to air. The UHV chamber (base pressure ca. 5x
107 Torr) was equipped with instrumentation for X-ray and ultra-
violet photoelectron spectroscopies (XPS and UPS), low-energy
electron diffraction (LEED), ion scattering spectroscopy (ISS), and
temperature-programmed desorption (TPD). The amount of mole-
cules produced in the catalytic tests was normalized by the active area
exposed by the sample. Turnover frequencies (TOFs) for the Ni/
Ce0,(111) (Oy;~0.15 ML) sample were estimated assuming that all
the Ni atoms deposited on ceria participated in the catalytic reaction.

The spin-polarized calculations were performed using the DFT-
(PBE) + U approach.l'?l A value of 4.5 eV was used for the Hubbard
U-like term. The projector augmented wave method (PAW) was used
at a plane-wave cutoff of 415 eV to decouple the core from valence
electrons. The C (2s, 2p), O (2s, 2p), Ni (3p, 3d, 4s), and Ce (4f, 5s, 5p,
5d, 6s) electrons were treated as valence states.

The CeO,(111), CeO,_,(111), Ni,/CeO,(111), Ni,/CeO,(111), and
Ni(111) surfaces were modeled by (3 x3) unit cells. The first four
contained nine (that is, three O-Ce-O trilayers) and the last six
atomics layers, respectively, separated by at least 13 A of vacuum. The
atomic geometry and electronic structure of the reduced CeO,_,(111)
surface with one surface defect, and those of ceria-supported Ni
clusters, corresponded to those previously obtained.®?*! Monkhorst-
Pack grids with (2x2x 1) and (4 x4 x 1) k-point sampling were used
for the ceria-based systems and Ni(111) surface, respectively. All of
the atoms in the three bottom layers were fixed at their optimized
bulk-truncated positions during geometry optimization, whereas the
rest of the atoms were allowed to fully relax.

To locate the transition state structures (TS) we employed the
climbing image nudged elastic band method (CI-NEB)® ((3 x 3) unit
cells and two O-Ce-O trilayers). We characterized the transition
structures by vibrational analysis. Harmonic vibrational frequencies
and normal modes were obtained by diagonalizing the mass weighted
force-constant matrix in Cartesian coordinates. A step of +0.01 A
was set to calculate the force constants.

Keywords: ceria - density functional calculations - nickel -
water dissociation - X-ray photoelectron spectroscopy
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