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Abstract

The morphology, interfacial bonding energetics and charge transfer of Ni clusters and
nanoparticles on slightly-reduced CeO,x(111) surfaces at 100 to 300 K have been studied using
single crystal adsorption calorimetry (SCAC), low-energy ion scattering spectroscopy (LEIS), X-
ray photoelectron spectroscopy (XPS), low energy electron diffraction (LEED) and density
functional theory (DFT). The initial heat of adsorption of Ni vapor decreased with the extent of
pre-reduction (x) of the CeO,.x(111), showing that stoichiometric ceria adsorbs Ni more strongly
than oxygen vacancies. On CeO1.95(111) at 300 K, the heat dropped quickly with coverage in the
first 0.1 ML, attributed to nucleation of Ni clusters on stoichiometric steps, followed by the Ni
particles spreading onto less favorable terrace sites. At 100 K, the clusters nucleate on terraces due
to slower diffusion. Adsorbed Ni monomers are in the +2 oxidation state, and they bind by ~45
kJ/mol more strongly to step sites than terraces. The measured heat of adsorption versus average
particle size on terraces is favorably compared to DFT calculations. The Ce 3d XPS lineshape
showed an increase in Ce®*/Ce*" ratio with Ni coverage, providing the number of electrons donated
to the ceria per Ni atom. The charge transferred per Ni is initially large but strongly decreases with
increasing cluster size for both experiments and DFT, and shows large differences between clusters
at steps versus terraces. This charge is localized on the interfacial Ni and Ce atoms in their atomic
layers closest to the interface. This knowledge is crucial to understanding the nature of the active
sites on the surface of Ni-CeO- catalysts for which metal-oxide interactions play a very important
role in the activation of O—H and C—H bonds. The changes in these interactions with Ni particle
size (metal loading) and the extent of reduction of the ceria help to explain how previously reported
catalytic activity and selectivity change with these same structural details.
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1. Introduction

Nickel supported on CeO is an important catalyst material with promise in a wide variety
of applications,*'” perhaps most importantly in the direct conversion of methane to methanol.!*
Ceria is a widely-used support material for late transition metal catalysts, 182° and is well known
to enhance the stability of supported metals to resist deactivation by sintering.!® 2124 The (111)
face of CeO: is the most studied and well-understood among the low-index faces of ceria in terms
of structure and reactivity. Thus the interaction of Ni with the CeO>(111) surface is of fundamental
interest in catalysis. Recent works have shown that Ni-ceria interactions are crucial to achieving
high catalytic performance.®19-1214 |n particular, it has been found that oxidized Ni species (Ni*)
at the Ni-ceria interface that result from the transfer of two 4s electrons from Ni to the empty 4f
band of ceria, generating two Ce®* ions, activate O—H and C—H bonds at room temperature.
Moreover, the metal loading has a drastic effect on the catalytic properties. For example, as the
coverage of Ni increases and 3D nanoparticles form, the dissociation of O—H bonds is hindered on
the Ni atoms that are not in direct contact with the ceria support,® and the ability of the system to
dissociate methane is also hindered due to the formation of NiCx on the surface. ! Because the
strong electronic perturbations in chemisorbed Ni species on ceria, which produce dramatic
changes in their chemical properties, are extremely sensitive to the coverage of Ni on the ceria
substrate, it is crucial to understand how the structure, heat of adsorption, and the amount of Ni—

ceria charge transfer changes with Ni coverage.

Here we study the morphology and interfacial energetics of vapor-deposited Ni on slightly-
reduced CeO2(111) surfaces using metal vapor adsorption calorimetry, surface analysis techniques
and density functional theory. The results reveal that Ni grows as 3-dimensional particles and
clarify electronic details of the Ni - CeO: interactions. The results show that the heat of Ni
adsorption and the number of electrons donated to the ceria per Ni atom change strongly as the
size of the Ni clusters grows and with the extent of reduction of the ceria support, and that the Ni

clusters bind more weakly to (111) terrace sites than to step edges.

These results help explain the unique properties of ceria as a support for Ni nanoparticle

catalysts.



2. Methods
2.1. Experimental Methods

The apparatus and methods for SCAC, XPS, LEIS and LEED have described in detail
previously.>>28

The CeO2x(111) thin films (x = 0.05 and 0.2) were grown on a clean Pt(111) single crystal
surface up to a thickness of 4 nm, using the same methods as described previously that were shown
to produce ordered (111) terraces with ~5% step sites.?® This is thick enough to give a bulk-like
behavior based on the adsorption energy of Ag vapor.?® A sharp (1.4x1.4) LEED pattern was
observed for the as-grown CeO,.x(111) films, indicating the surface was well ordered and the
epitaxial relationship with the underlying Pt was in agreement with prior reports.*®* The Ce
oxidation states were characterized with XPS based on lineshape fitting of the Ce 3d peaks as
described previously?®.

Metal vapor adsorption calorimetry was performed as described previously.?® In brief, a
pyroelectric polyvinylidene fluoride (PVDF) ribbon is pressed against the backside of a 1-[1m-
thick Pt(111) single crystal sample as the heat detector. During SCAC, a well-defined 4.26 mm
diameter beam of Ni atoms is generated from an e-beam evaporator, collimated through a series
of apertures, chopped into 100 ms pulses with a period of 2 s, and finally dosed onto the sample.
The heat release during the adsorption of Ni atoms is detected by the PVDF ribbon. For each
calorimetry run, the heat detector response is calibrated by pulses from a HeNe laser with known
energy. To subtract the signal from thermal radiation, the sample is blocked by a BaF, window
that only allows a known fraction of radiation to penetrate. The signal measured associated with
the radiation is corrected with the BaF» transmission and subtracted from the total heat signal, to
leave only the part that is due to Ni vapor adsorption. As we always do in SCAC,* this heat is
corrected for the difference in the metal vapor’s internal energy (2RT in a directed beam) between
the metal vapor source temperature (~2000 K) and the surface temperature (100 or 300 K), so that
the heats reported below are equal to the negative of the standard enthalpy of Ni adsorption at the
surface temperature.

The flux of Ni atoms is measured with an on-axis quartz crystal microbalance (QCM) and
an off-axis QCM. The off-axis QCM facing directly to the e-beam evaporator monitors the flux
throughout the whole experiment. The on-axis QCM is placed at the sample position only before
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and after the adsorption calorimetry. The beginning and ending fluxes measured by the on-axis
QCM are used to scale the off-axis QCM fluxes so that it provides the Ni flux at the sample position
for all times during the calorimetry.®® The sticking probability of each pulse is measured
simultaneously with its heat using a modified King and Well’s method.?> Combining the flux and
the sticking probability, we calculate the amount of Ni atoms that stick to the sample in each pulse.
The differential heat of adsorption versus the cumulative coverage of Ni is thus available. The Ni
coverages are reported here in monolayers (ML), where 1 ML is defined as 7.89 x 10'* atoms per
cm?, which is the areal density of coordinatively-unsaturated O atoms on the ideal bulk-terminated
Ce0(111) surface.

The growth morphology of adsorbed Ni on CeO2.4(111) was determined using He* low
energy ion scattering (LEIS) with an incident angle of 45° from normal and a scattering angle of
135°. The normalized LEIS signals give the fraction of surface area that is covered by Ni

nanoparticles.

2.2. Computational Methods

All electronic structure calculations were carried out using the spin-polarized DFT
approach as implemented in the Vienna ab initio simulation package (VASP) {vasp site,
http://www.vasp.at; version vasp.5.3.5}3% 3 Ce (4f, 5s, 5p, 5d, 6s), O (2s, 2p), and Ni (3p,3d,4s)
electrons were explicitly treated as valence states within the projector augmented wave (PAW)
method® with a plane-wave cutoff energy of 415 eV, whereas the remaining electrons were
considered as part of the atomic core. Total energies and forces were calculated with a precision
of 10 eV and 102 eV/A for electronic and force convergence, respectively, within the DFT+U
approach by Dudarev et al.*® (Uerr = U — J = 4.5 eV for the Ce 4f electrons) with the generalized
gradient approximation (GGA) proposed by Perdew, Burke, and Ernzerhof (PBE).3” We note that
questions regarding the best value for the U parameter are still under debate.3®-° Nonetheless, most
DFT+U studies of reduced ceria-based systems agree that U values in the range of 4.5-6.0 eV with
GGA are suitable for the description of the localization of charge driving the Ce** — Ce%*
reduction. However, one should bear in mind that there is in general no unique U that gives a
reasonable account of all systems’ properties.***® Long-range dispersion corrections were also

considered, employing the so-called DFT-D3 approach.* 4



3. Results
3.1. Ni Sticking Probability on CeO2x(111)

The sticking probability was measured using the signal for non-sticking Ni gas atoms in
each pulse detected with the transient QMS signal for Ni gas, normalized to the signal for the
reference zero-sticking pulse from a hot W flag, where no permanent sticking occurs. For all three
systems we studied (CeO1.95(111) at 300 K, CeO1g(111) at 300 K, CeO195(111) at 100 K), the
sticking probability started at ~97% and increased to unity within the first 0.5 ML.

3.2. Ni Growth Morphology on CeO2x(111)

Gaseous Ni was deposited onto CeO2(111) films at 300 and 100 K in discrete amounts.
The Ni and Ce signals in He" LEIS were monitored after each such Ni dose. The integrated Ni
signals were normalized to the signal from a thick Ni overlayer (>10 nm average thickness). The
Ce signals were normalized to those for a clean CeO2x(111) surface taken at the beginning of each
experiment. The normalized Ni LEIS signal gives the fraction of surface covered and shadowed
by Ni nanoparticles, and the normalized Ce signals give the fraction of surface which is not masked
by Ni. The normalized Ni and Ce LEIS signal data are plotted versus Ni coverage in Figure 1 and
compared with two typical growth models. The straight dashed lines correspond to the normalized
LEIS signal that would be expected if Ni grew in a layer-by-layer mode. They do not fit well with
the measured LEIS data. The solid curved lines correspond to 3-dimensional (3D) growth mode
assuming the Ni grows as 3D particles with the shape of flat disks with a constant aspect ratio
(height / diameter) of 0.25 on CeO1.95(111) and 0.20 on CeO1g(111), as suggested by STM
studies.*® In the flat-disk model, we assume that the Ni particles all have this same shape at all
coverages and the same size at any given coverage, and the particle number density n does not
change with metal coverage (i.e., the saturation number density of nuclei is reached by the first
dose, as is generally the case for such systems*’). This model is applied only up to the coverage
where ~35% of the surface is covered by particles, since particles overlap with each other at higher
area fraction. Previous work showed that, if the particles grow as hemispherical caps, the total
surface area masked by particles in the LEIS signals for the incident and detection angles used
here is 1.207 times the metal/support interfacial area, due to a shadowing effect.®? This ratio,
calculated in the same way, is changed to 1.318 for CeO1.95(111) and 1.255 for CeO1.g(111) based
on their flat-disk aspect ratios (height/diameter = 0.25 and 0.20, respectively). With these



assumptions, the particle number density n is the only fitting parameter in the equation, and it is

determined from the best fitting line in Figure 1.
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Figure 1. (a) Integrated Ni (closed symbols) and Ce (open symbols) LEIS signal intensities
(normalized to thick multilayer Ni and clean CeO2x(111), respectively) as a function of Ni
coverage after deposition onto (a) CeO1.95(111) (red diamonds) and CeO1g(111) (green triangles)
at 300 K (b) CeO1.95(111) at 300 K (red diamonds) and 100 K (blue triangles). The black dashed
lines correspond to the normalized LEIS signal that would be observed if Ni grew in a layer-by-
layer fashion, while the colored solid lines correspond to Ni growing as flat disks with a fixed
aspect ratio (0.25 on CeO19s5 and 0.20 on CeO1g) and a fixed particle density of 3.6x10?
particles/cm? (red), 4.5x10'2 particles/cm? (green) and 1.3x10%2 particles/cm? (blue). This model
is only reasonable up to ~35% of the surface is covered, since particles will soon start to overlap
with each other at higher coverage. The colored dashed lines after that are only a guide to the eye.

Following this approach, the flat-disk model gives a good fit to the LEIS data as shown in
Figure 1, and the best-fit particle number densities on CeO2.x(111) at 300 and 100 K are shown.
The extent of reduction of the ceria has only a minor effect on the Ni particle density. At 300 K, it
was 3.6x10'? particles/cm? on CeO1.95(111), and 4.5x10'2 particles/cm? on CeO15(111). A similar
small increase in the particle density with extent of reduction was reported based on STM images.*8
Comparing the growth of Ni on CeO1.95(111) at 300 and 100 K, a huge temperature effect was
observed. The Ni particle density on CeO1.95(111) was 1.3x10% particles/cm? at 100 K, about 4-
fold higher than at 300 K.

3.3. Heat of Adsorption of Ni on CeO2x(111)
The heat of adsorption of Ni gas atoms on CeO2.x(111) for x = 0.05 and 0.2 at 300 K and
for x =0.05 at 100 K are plotted in Figure 2 as a function of Ni coverage. At 300 K on CeO1.95(111),
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Ni has an initial heat of adsorption of 345 kJ/mol, and it decreases rapidly to 323 kJ/mol by 0.2
ML. The heat then increases, slowly approaching the sublimation heat of bulk Ni at 430 kJ/mol by
9 ML. This type of reverse in slope with coverage has been seen before and attributed to the
adsorption of metal adatoms to stronger-binding defects (step edges) at the lowest coverage that
become saturated as coverage increases.?® Thus, the initial heat of 345 kJ/mol on CeO1.95(111) is
attributed to Ni adsorption at step edges. The minimum heat occurs at 0.1-0.2 ML Ni, which is
consistent with the step-site density of ~5% of the total sites, given that some Ni atoms will bind
to other Ni atoms in clusters rather than directly at step sites as the step sites approach saturation
by Ni atoms. On CeO1g(111), where the degree of reduction is larger and there are many more O
vacancies, the initial heat at 300 K is 65 kJ/mol lower than for CeO1.95(111) (280 vs 345 kJ/mol),
and the heat remains lower up to ~0.2 ML. This clearly shows that Ni atoms do not prefer oxygen
vacancies on CeO,(111), the opposite as we observed for Ag and Au adsorption,?® 2° but the same
as for Cu.?® This is consistent with the fact that Cu and Ni are much more oxophilic than Ag and
Au, so they prefer to bind to the surface O atoms. The stronger binding of Au and Ag atoms to
oxygen vacancies than that to stoichiometric terrace sites was also predicted by DFT calculations*®-
® and confirmed experimentally®>®® in previous literature, though the decoration of oxygen
vacancies by Au atoms has been challenged by recent STM experiments.>* On CeO15(111), there
is no minimum in the heat of Ni adsorption versus coverage of the type seen on CeO1.95(111) here.
We attribute this to the preferential loss of the step-edge oxygen atoms (by far the least stable type
of lattice O®°) upon reduction, so that the step edges on CeO15(111) no longer have enough O

atoms to make more stable sites for Ni than stoichiometric terrace sites.
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Figure 2. Differential heat of Ni atom adsorption on CeO195(111) at 300 K (red diamonds),

Ce01.8(111) at 300 K (green triangles) and CeO1.95(111) at 100 K (blue triangles), as a function of

Ni coverage. 1 ML is defined as 7.89%10%*/m? which is the areal density of coordinatively-
unsaturated O atoms on the ideal bulk-terminated CeO2(111) surface.

At 100 K, the heat of Ni adsorption on CeO1.95(111) is initially 45 kd/mol lower than that
at 300 K, and remains lower until 2 ML. There is also no minimum in heat versus coverage of the
type seen at 300 K. We attribute this to the lack of mobility of the metal adatoms at 100 K so that
they cannot diffuse to the stronger-binding step sites as they do at 300 K, and thus remain on
terrace sites and nucleate particles there instead.

Dividing the Ni particle number density from the flat-disk model fit to Figure 1
(particles/cm?) by the Ni coverage (atoms/cm?), gives the average number of Ni atoms per particle
at each coverage. Assuming these particles have the same density as bulk Ni(s), gives the volume
per particle. Combining this volume with the disk shape (aspect ratio stated above) also gives the
average Ni particle (flat disk) diameter at each coverage. Using this approach, the heat-versus-
coverage data in Figure 2 have been replotted as Ni heat of adsorption vs the average Ni particle
(flat-disk) diameter, as shown in Figure 3a.

Figure 3a shows the heat of Ni adsorption versus particle diameter on CeO1.95(111) at 300
K and 100 K and Ce0O18(111) at 300 K. At 300 K, the heat of Ni adsorption on Ni nanoparticles
smaller than 1.5 nm in diameter supported on CeO1.95(111) is higher than that on Ni nanoparticles

supported on CeO1.g(111), indicating that Ni does not bind more strongly to oxygen vacancies on



this surface. Above 1.5 nm diameter, the extent of reduction of CeO2.x does not show a significant
influence on the heat of Ni adsorption onto Ni nanoparticles. The plot for CeO1.¢5(111) at 100 K
stops at 1.5 nm diameter because the fractional surface area masked by Ni nanoparticles reaches
~35% here, and the flat-disk model used to fit the LEIS data is no longer appropriate at higher
coverages. The heat of Ni adsorption on CeO1.95(111) at 100 K for a given particle diameter below
1.3 nm is lower than the value for CeO1.95(111) at 300 K. At 0.6 nm diameter, the difference is
~40 kJ/mol. We attribute this difference to the nucleation of Ni particles at step edges, where they
bind more strongly than on CeO»(111) terraces (by ~40 kJ per mole of Ni atoms at the smallest
sizes measured). Due to the much slower diffusion of Ni atoms at 100 K, they are not able to
nucleate particles at step edges, but at 300 K they can. When the particle diameter exceeds ~1.3
to 1.5 nm, the heat of Ni adsorption under all three conditions (i.e., CeO195(111) at 300 K,
Ce01.8(111) at 300 K, CeO1.95(111) at 100 K) only show small differences between each other.
Apparently, the new Ni atoms that add to particles larger than ~1.4 nm predominantly bind to sites
that are far enough from step edges that they feel little effect of the step sites. Because of the much
larger particle number density at 100 K than at 300 K, this particle size (> 1.4 nm) is not reached
until a 4-fold higher coverage at 100 K. This size difference explains why the heats of adsorption

in Fig. 2 at 100 K remain below those at 300 K until very high coverage.
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Figure 3. (a) Differential heat of Ni adsorption on CeO2.x(111) at 300 and 100 K as a function of
Ni average particle (flat-disk) diameter to which Ni atoms add. (b) Chemical potential of Ni atoms
in Ni particles versus the average Ni particle diameter on CeO2.x(111) at 300 and 100 K. Red
diamonds, green triangles and blue triangles correspond to CeO1.95 at 300 K, CeO1g at 300 K, and
CeO1.95 at 100 K respectively.



As reported previously,®® we can convert the differential heats of Ni adsorption measured
here to the chemical potential of Ni atoms by assuming that the entropic contribution to the free
energy is negligible compared to the huge enthalpic differences measured here. The difference
between the chemical potential of Ni atoms in nanoparticles with a given diameter D and the
chemical potential of Ni atoms in bulk Ni metal (set as the zero reference of chemical potential)
equals the sublimation heat of bulk Ni minus the heat of Ni adsorption onto Ni nanoparticles with
diameter D.%° The data in Figure 3a have been replotted in Figure 3b as the chemical potential of
Ni atoms in Ni nanoparticles versus the average particle diameter. As seen, the chemical potential
generally decreases with increasing particle size, as has been reported for many related systems,
and is largely related to the increasing number of metal-metal bonds per atom with increasing
size.?6-28.%0 The chemical potential initially increases with increasing particle size for CeO1.05(111)
at 300 K, due to the initial population of more stable sites at step edges, which saturate quickly as
coverage increases.

It appears from Figure 3 that Ni particles do not nucleate at step edges on the CeO1g(111)
surface even at 300 K, or that step edges do not bind Ni significantly more strongly than terraces
on this heavily reduced ceria surface, especially since O vacancies prefer to form at step edges, as

noted above.

10



3.4. Charge Transfer from Ni to CeO2-x(111) during Deposition

The change of Ce oxidation state in the CeO2x(111) surface during Ni deposition was monitored
by monitoring the change in the Ce 3d XPS peak lineshape. The percentage of Ce®* in the Ce 3d
XPS probe depth (~1 nm) was determined from lineshape fitting of the XPS Ce 3d peak as
described previously.? 6! The Ce®* percentage is plotted with respect to Ni coverage in Figure 4.
The Ce®* percentage increases rapidly with the Ni coverage up to 2 ML for CeO1.5(111) at 300
and 100 K. Above 2 ML, the Ce®*" percentage does not change much with the Ni coverage,
remaining very near the high-coverage (10 ML) limit of 22% at 300 K and 19% at 100 K. For
CeO15(111), the Ce3* percentage also increases in the first 2 ML, but only from 41% to 46%, and

again stays fairly constant with coverage above 2 ML.
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Figure 4. Percentage of Ce®*" (with the rest as Ce**) in the XPS probe depth versus Ni coverage
based on lineshape fitting of the XPS Ce 3d peak measured during Ni deposition on CeO1.95(111)
at 300 K (red), CeO15(111) at 300 K (green) and CeO1.95(111) at 100 K (blue).

To quantify the extent of charge transfer per Ni atom to the film, we assume that the Ce
atoms in the CeO2x(111) film are reduced by the electrons donated from the Ni atoms by the
percentage plotted in Figure 4, but only down to the XPS probe depth of 1.0 nm, with no reduction
below that. (Using the TPP-2M equation® to calculate, the electron inelastic mean free path in
CeO; for Ce 3d XPS peak is 1.24 nm. Since the XPS data was taken with the energy analyzer at
45° to the normal angle of the sample, 70% of the XPS signal of Ce 3d peak comes from the first

1.0-nm-thick layer of ceria in the sample.) Using the number of Ce atoms per unit area in this
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probe depth (2.5 x 10%° Ce atoms per cm?), the data point in Figure 4 at each Ni coverage can then
be converted to the average number of electrons donated per Ni atom, as done previously for Cu
on this same surface.?® If we further assume that Ni can only be in the form of neutral Ni or Ni%*,
this average number of electrons donated per Ni atom can be converted to the fraction of total Ni
that is oxidized to Ni?*. Figure 5a shows the resulting number of electrons donated per Ni atom
and fraction of Ni?*, calculated based on data in Figure 4, plotted versus Ni coverage. These both
decrease rapidly with coverage, and are much smaller values on the more reduced ceria.

We observed that the Ni 2p3» XPS peak’s binding energy (BE) at low Ni coverages had
large contributions in the region expected for Ni%*. This was studied in more detail by Carrasco et
al.®, as shown in Figure 5b, where their Ni 2ps;» BE for Ni on CeO2(111) at 300 K is plotted as a
function of Ni coverage. For a coverage of 0.15 ML of Ni, they reported a shift of ~2 eV with
respect to the reported value for metallic Ni, which indicates the formation of Ni*.%% Zhou et al.%*
also observed with XPS that when ~0.5 ML Ni (which is ~1.2 ML in the definition of this paper)

is deposited onto the fully oxidized CeO2(111) at 300 K, about 25% of the total Ni is oxidized to
Ni%*.
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Figure 5. (a) Average number of electrons donated to ceria per Ni atom and corresponding
fraction of total Ni that is oxidized (assuming it is Ni?*) plotted as a function of Ni coverage; (b)
Variation of the Ni 2p32 XPS binding energy as a function of Ni coverage on CeO>(111) at 300 K
as was reported in the Supplementary Information of ref.®
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For the convenience of comparison to DFT calculations, the number of electrons donated
per Ni atom and the fraction of Ni?* are also replotted as a function of the average number of Ni
atoms per Ni nanoparticle in Figure 6. Here, one clearly sees that the fraction of Ni?* is larger for
a given particle size when grown at 300 K (where they nucleate at steps and have a higher heat of
adsorption) than at 100 K where they nucleate at terraces and are less stable. Thus, step edges
seem to be important in making the Ni?* species stable. Alternatively, the temperature could have
a direct effect in that the process to make Ni?* might have some activation barrier that is not
reached at 100 K.
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Figure 6. Average number of electrons donated to ceria per Ni atom and corresponding fraction

of total Ni that is oxidized (assuming it is Ni?*) from Figure 5a replotted as a function of number

of Ni atoms per particle.

3.5. DFT Models

The Nin/CeO2(111) (n=1-7, 9, 13, 19, 24, 26, 29 and 32) surfaces were modeled with DFT
by supercells with (3x3) surface periodicity, see Figure 7, with calculated ceria bulk equilibrium
lattice constant (CeO2: 5.485 A, DFT+U). A CeO:; slab of six atomics layers, i.e., two O-Ce-O
trilayers, separated by at least 13 A-thick vacuum layer, was used as model of the ceria support.
Monkhorst-Pack®® grids with (2x2x1) k-point sampling were used. All atoms in the three bottom
atomic layers were fixed at their optimized bulk-truncated positions during geometry optimization,
whereas the rest of the atoms were allowed to fully relax. The structures of the ceria-supported
Ni1, Niz, Nis.flat, and Nis.pyr aggregates (Figure 7) correspond to the ones previously reported,?

11,14.16 for which the locations of the Ce®" ions, resulting from the metal-support interaction, were
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optimized. For the other Ni aggregates considered, some different adsorption sites were explored,
but different Ce** configurations were not. Note that for Nin (n > 19), the (3x3) surface unit cell is
not large enough to isolate the Nin aggregates, and the models correspond to continuous rows of
supported Ni atoms, i.e., infinitely long 1D islands (i.e., stripes or wires) of Ni that are several Ni
atoms wide. Selected calculations were performed for some Nin/CeO2(111) systems with (4x4),
(2x2) and (1x1) surface periodicity and (1x1x1), (3x3x1), and (6x6x1) k-point sampling,
respectively, in order to evaluate possible variations in the number of electrons transferred from

the Nin aggregates to the ceria support as a function of Ni loading.

Reduced extended CeO,«(111) surfaces were modeled with different concentrations of
oxygen vacancies (@ovac=1/4, 1/2, and 3/4; Oovac = NV/N, where Nv and N are the number of
surface plus subsurface vacancies in the reduced overlayer and the total number of oxygen atoms
in a single non-reduced oxygen atomic layer of the same cell, respectively) using a slab of nine
atomic layers with (2x2) periodicity, as employed in previous work.!! Furthermore, one and two
layers of Ce203 on CeO2(111) as well as the fully reduced (A-type) Ce203(0001) surface (Ce2Oa:
ao/Co = 3.92/6.18 A and internal parameters uce/Uo = 0.2471/0.6448, ferromagnetic state, DFT+U)
were also modeled; only the interaction of Niy species on the reduced supports were considered,

and this was done without accounting for long-range dispersion corrections.

The oxidation state of a given Ce ion (Ce** or Ce**) was determined by considering its local
magnetic moment (the difference between up and down spins on the ion), which can be estimated
by integrating the site- and angular momentum-projected spin-resolved density of states over
spheres with radii chosen as the Wigner—Seitz radii of the PAW potentials. The magnetic moment
of the Ce** (4f% and Ce3* (4f 1) ions is 0 and ~1 pg, respectively, because the occupation of the Ce
f states is 0 and ~1, respectively. As for the oxidation state of the Ni atoms in the supported clusters,
using the Bader analysis method,% we obtained that only those Ni atoms in direct bonds to the
ceria support are partially oxidized, and thus, the average oxidation state of these atoms is
calculated as the total number of electrons transferred to the ceria support divided by the number

of Ni atoms with direct bonds to the support (Figure 7).

The integral heat of adsorption of Ni gas atoms forming Nin clusters on the CeO2(111)
support was calculated at 0 K as Eags= —1/n [E(Nin/CeO2) — E(CeO2) — n*E(Niaom)] where
E(Nin/Ce0O>) and E(CeOy) are the total energies of the Nin/CeO2(111) and CeO,(111) surfaces, and
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E(Niaom) is that of a gas-phase Ni® atom in the d%? configuration, calculated with a (12x11x16)
A3 periodic cell and the I'-point. The lattice parameter of bulk fcc Ni was optimized (Niouik: 3.48
A, DFT+D3), using a Monkhorst-Pack grid with (15x15x15) k-point sampling of the Brillouin
zone, and the heat (enthalpy) of sublimation of bulk Ni (bulk cohesive energy) was calculated to

be AHSAy; = 518 kd/mol. These are in good agreement with prior results.5”

Nis

Niz*+ g 2Ni?*

P800 ?W

374 355

KL VAL KLV
A '.IO A
v e e e

VW AV2 l';'\V) W)
L AL .v
* 2! 'v
rl‘ 1/-':1 t/‘

YT\ ‘un_pi O2AY
o 2

M-".‘""' ' ﬁ*ﬁ

Figure 7: Models of Nin/CeO2(111) (n=1-7, 9, 13, 19, 24, 26, 29 and 32). Surface/subsurface
oxygen atoms in the outermost O—Ce—O trilayer are depicted in red/green, Ce** in white, and Ce?*
in gray. Values of the integral heat of adsorption of Ni, species are listed below each structure, in
kJ/mol per Ni atom (relative to Ni gas). Optimized Ni-Ni bond lengths in pm for Ni2, Niz and
Nis.2D are indicated in orange.

We modeled stoichiometric <110>-type steps by adding a continuous stripe (or wire) of
CeO- that was three atomic layers thick and covered 3/5 of the surface on top of a six-layer-thick
(5%3) Ce02(111) slab (like described above) and (1x2x1) k-point sampling. This is similar to
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methods that have been used preciously to model steps of CeO2(111) using DFT.>® ® Reduced
<110>-type steps with varying fractions of missing step-edge oxygen atoms (®ovac,step=1/3, 2/3,
and 1) were also modeled. This added “CeO; wire” had stoichiometry CegO1s per (5x3) unit cell
when not reduced, decreasing to CeygO1s for the most fully reduced step edge. The adsorption of
Ni1 species on these stoichiometric and reduced step edges were studied. The locations of the Ce®*
ions, resulting from the removal of the step-edge oxygen atoms and from the Ni-ceria interactions,

were not optimized in detail when modelling step sites.

3.6. Nimonomers on CeO2 and CeO2x(111) terraces: DFT results

On CeO2(111), an isolated Niy species was found to adsorb on a hollow site coordinated to
three surface oxygen atoms with Eags = 374 kd/mol, in line with previous studies (Figure 7).2 ! As
a result of strong metal-support interactions between Nii and CeOg, two electrons from Ni are
transferred to the support, generating two Ce3* ions, and the Ni atom becomes oxidized to Ni?* (d
8). This is qualitatively consistent with the experimental observations in Figure 5, although the
extent of charge transfer is not as large experimentally. This is probably related to the fact that the
experimental surface is not stoichiometric CeOy, but instead is already partially reduced to CeO1.gs,
and the extent of charge transfer decreases with the degree of reduction (see above). For Cu
adsorption on CeO2x(111), we also found that such small amounts of pre-reduction (2.5%) greatly
decreased the extent of charge transfer at the lowest Cu coverages compared to stoichiometric
Ce0,. %
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Figure 8: (a) Calculated heat of adsorption of a single Ni atom on the CeO2(111) surface,
Ce0,-«(111) with different concentrations of subsurface oxygen vacancies (0=1/4, 1/2, and 3/4,
see text). Also shown are results for 1 and 2 layers of Ce2O3z on CeO2(111) and a slab of pure
Ce203(0001), plotted at @ovacstep= 1, 2 and 3, respectively. The Ni oxidation state is color coded
as shown (0 < 8 < 1), and the adsorption site corresponds to the most stable one. Note that the slab
model and method used in these calculations slightly differ from those used to obtain the values
reported in Figure 7 (see text), explaining the difference of 11 kJ/mol in the heat of adsorption of
a single Ni atom on the CeO2(111) surface. (b) Calculated heat of adsorption of Ni monomer at a
<110>-type step as a function of the step-edge O vacancy fraction (@ovacstep= 0, 1/3, 2/3, and 1).
The red dotted line corresponds to the heat of adsorption of one Ni atom on the stoichiometric
terrace (374 kJ/mol, Figure 7). Atomic structures of the (c) stoichiometric <110>-type steps with
(d) one and (e) three Ni atoms and of the (f)-(h) reduced steps with one Ni atom. Values of the
heat of adsorption of Ni species are listed below each structure, in kJ/mol per Ni atom (relative to
Niz gas).

Figure 8a shows the calculated heat of adsorption of a nickel atom on reduced CeO,.x(111) surfaces.
The two excess electrons resulting from the creation of a (neutral) oxygen vacancy have been
reported to be localized at cation sites in the outermost plane of cations, but not adjacent to the
vacancies, driving the Ce* — Ce*' reduction; and, the energetically most stable near-surface
oxygen vacancy structures for a broad range of vacancy concentrations all have their vacancies at
subsurface oxygen sites.”%"® As the degree of near-surface reduction increases, the adsorption

energy of the Ni atom decreases and at the same time, Ni adatoms recover their metallic character
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(Ni?* — Ni** — Ni%. In other words, as the concentration of Ce" ions increases, it gradually
becomes more and more difficult for Ni to transfer electrons to the already reduced support, as
observed experimentally (Figure 6). The results in Figure 8 also help explain the experimental
observations that the binding of Ni at low coverage is stronger on a ceria surface which is less
reduced (cf. Figures 2 and 3a). This suggests that the ability of ceria to stabilize oxidized nickel
species (Ni?*) on the CeO; surface, by re-localizing electrons on localized f-states (Ce*"), is a key

factor in determining the Ni heat of adsorption.

3.7. Nimonomers at CeO2(111) and CeO2-x(111) step sites: DFT results

Comparison of the heats of adsorption of Ni monomers on the flat stoichiometric CeO2(111)
terraces (374 kd/mol, Figure 7) and at stoichiometric <110> step edges (Figure 8c) shows that the
step edge binds Ni; more strongly by 95 kJ/mol (Figure 8d). In both sites, the Ni binds as Nii%*.
These calculations thus predict that decoration of the stoichiometric step with Ni species will occur
before adsorption on the terraces. The heat of adsorption of three Niy species (Figure 8e), which
corresponds to the maximum possible coverage of monodispersed Niy species at the step edge, is
almost the same as a single Nig, still also ~90 kJ/mol per Ni atom more strongly bound to the step
edge than isolated Niy species on the flat terrace. This is consistent with the observed minimum in
the heat of Ni adsorption versus coverage on the CeO1.95(111) surface at 300 K (Figure 2), which
we attributed to the existence of stronger-binding defect (step-edge) sites that are occupied first,

i.e., at low Ni coverage.

However, on the more reduced CeO1.8(111) surface, no minimum in the calorimetric heat
of Ni adsorption versus coverage has been observed, and the measured heat is always lower than
on the nearly stoichiometric surface (Figure 3a). This is consistent with the calculated heat of
adsorption of Ni at the step as a function of the step-edge oxygen vacancy fraction (®ovac,step,
Figure 8b), which shows that as the number of available step-edge oxygen atoms decreases, step
sites eventually become less stable than terrace sites when all the step-edge oxygen atoms are

removed.

We also calculated the average step-edge oxygen vacancy formation energy as a function

of the step-edge O vacancy fraction (@ovacstep) and found that oxygen atoms at the step are always
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easier to remove than those at the terrace. The average defect formation energy was 169, 207 and
219 kJ/mol for Govac,step=1/3, 2/3, and 1, respectively, and 265 kJ/mol at a terrace site, calculated
using the model in Figure 8c without optimizing the location of the excess charge. This validates
our claim above (based on prior literature) that the O vacancies are mainly at the step edges, which
also suggests that on the more reduced CeO1.8(111) surface studied experimentally here, there may

be no O atoms on the step edges.

3.8. Ni clusters on stoichiometric CeO2(111) terraces: Heat of adsorption and charge transfer
by DFT

The formation of Ni. dimeric structures was considered, as studied in previous work.® In
the case of two Ni atoms at neighboring hollow sites separated by 3.56 A (Figure 7), each Ni atom
transfers two electrons to the ceria support, generating four Ce3* ions and two Ni?* species. The
adsorption energy of such a Ni pair is Eags= 355 kJ/mol (per Ni atom, relative to Ni gas). Therefore,
bringing two Ni?* species closer but without forming a Ni-Ni bond destabilizes the system by 38
kJ/mol [2xEads(Ni2) -2xEads(Ni1)], which implies a repulsive interaction of 38 kJ/mol between
the positively charged Ni%* atoms at this separation. We addressed whether a Ni, dimeric structure
forming a Ni—Ni bond (Ni2.b) is energetically preferred over two well-separated Nii?* species by
adsorbing such a Niz, species which have an optimized Ni—Ni bond length of 2.20 A (cf. Figure
7). This results in one Ce3* ion, and thus two partially oxidized Ni%** atoms. The adsorption energy
of the Ni2.b dimer is only Eags= 329 kJ/mol, i.e., the system is 90 kJ/mol less stable than two isolated
Ni12* species. Even though the Ni atoms in the Nizp dimer have a low charge, it is still too high to
allow intrinsic Ni-Ni bonding that exceeds the Ni%**-Ni%%* charge repulsion. This repulsive
interaction of the two ceria-supported Ni%>* species of 90 kJ/mol for the Nizb/CeO2(111) system
(cf. Figure 7) is 68 kJ/mol lower than the simple Coulomb repulsion of two +0.5 point charges at
the same separation (2.20 A) in vacuum (158 kJ/mol). The difference reflects some type of

attractive bonding between the two Ni cations that partially overcomes the Coulomb repulsion.

In the case of a Nis cluster, the Ni atoms form a flat triangle with three nearly equal Ni—Ni
bonds of length 2.31-2.32 A (Figure 7), two Ce®* ions are formed, and therefore each of the three
Ni atoms has a charge of +0.67. The adsorption energy of the Nis trimer is Eags= 382 kJ/mol; hence,
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compared to three isolated Ni1?* species, the Nis cluster is 24 kJ/mol more stable (or 8 kJ/mol per

Ni atom).

As for Nis, both three dimensional clusters with pyramidal shape (Nis.3D) and bi-
dimensional flat rhombohedral-shaped (Nis.2D) clusters were considered, as studied previously.?
The stability of these clusters is comparable, namely, Eass= 389 and 386 kJ/mol for Nis.3D and
Nis.2D, respectively (Figure 7). These Nis species also reduce the ceria support upon adsorption,
with the formation of two Ce3* ions. In the Nis.3D case, these two electrons are transferred from
the three Ni atoms forming the pyramid base, which are partially oxidized, 3xNi®®®*, whereas the
top Ni atom remains as Ni°. In the Nia.flat, all four Ni atoms in direct contact with the support are
oxidized, 4xNi%°*. As with the Ni atoms in the Nis cluster, those in the Nis4 clusters do not repel
each other. For instance, the Nis.2D structure (4xNi®®*) is more stable by 228 kJ/mol
[4XEads(Nis.2D) - 4xEags(Ni2b)] than two isolated Niz.b dimers (2xNi%* each). Even if the Ni
atoms in the Nis.2D and Niz.b structures have a similar charge (+0.5), the larger number of Ni—Ni
bonds in the Nia.flat cluster, with one bond length of 2.26 A and four average bond lengths of 2.31

A, is what optimally stabilizes the structure.

As the number of Ni atoms in the nanoparticles increases beyond three, the formation of
3D structures is preferred over flat ones (cf. Figure 7), in agreement with the experimental
observation that Ni grows as 3D particles. For instance, the energy gained by adding one Ni atom
to the flat Nis.2D cluster [5xEads(Nis) — 4xEads(Nis.2D)] is by 10 kJ/mol larger if a Nis.3D
structure is formed (436 kJ/mol) (Figure 7), as compared to a 2D Nis aggregate (426 kJ/mol). The
configuration of the Nis, Nis and Ni7 nanoparticles corresponds to 3D structures with 4, 5 and 6 Ni
atoms, respectively, in contact with the ceria support, with 2xCe3* ions for the Nis, Nis structures
and 3xCe®" ions for the Ni7 one. As for the case of Nis, electrons are transferred only from the Ni
atoms in direct contact with atoms of the ceria support, and these are partially oxidized (4xNi%°*,
5xNi%4* and 6xNi%%* for the Nis, Nig and Niz nanoparticles, respectively), whereas the Ni atoms
on top (not in direct contact to the ceria) remain as Ni°. Also, for the Nig (3xCe3*), Nizs (5xCe®")
and Nizg (5xCe®") aggregates, only the six, nine and fifteen Ni atoms, respectively, in direct contact
with the oxide support are partially oxidized (6xNi%%%*, 9xNi%6* and 5xNi%3** respectively),
whereas the Ni atoms on top of the oxidized nickel retain their metallic character (Ni°). Finally,

the continuous stripes of Ni that we considered (i.e., Ni24, Nizs, Ni2g and Nis2) donate 4 electrons
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for Niz4 and Nisz and 5 electrons for Nizs and Nizg to the support (5xCe3*). In the Niza, Nizs, Nig
and Nis2 stripes, also only the atoms in direct contact with the ceria support are partially oxidized
(cf. Figure 7).

In summary, the DFT results produce firm computational evidence that for low Ni loadings
on the CeO2(111) surface, for which a large dispersion of small Ni nanoparticles is observed,*®*
the ceria support induces strong electronic perturbations in chemisorbed Ni species which are
directly at the Ni-ceria interface, whereas there is a rapid weakening of the Ni-ceria interactions
with increasing Ni loading, for which 3D nanoparticles form.254

4. Discussion

Figure 9 compares the calculated integral heat of adsorption for the thermodynamically
stable Nin/CeO2(111) systems with those obtained experimentally (cf. Figure 2), where the

calculated points have been shifted by —88 kd/mol [AHSC (518 mk—(])l) — AHS P (430 mk—(])l)].

This correction corresponds to the 88 kJ/mol difference between the calculated bulk cohesive
energy (sublimation energy) of bulk Ni(solid) with the PBE exchange-correlation functional with

long-range dispersion corrections (DFT-D3), as compared to the experimental value.

21



340 T L] L] L] I L] L] 1 L] I L] L] L] L] I L] L] T L I L] L] L] L]
L O -
S 330 o) -
E
g [ O 1
S 320} = " 7
= |
E' - O = | u - -
3 o © ,onf
3 310 ° ® s " -
Y . |
o - [} -
3 300" @ -
T B m Experimental Data |
= @ DFT clusters
;5,, K O DFT stripes 7
E 290 -
@ .
280 1 L Il 1 I 1 Il 1 Il I Il Il Il Il I Il L 1 1 I 1 Il 1 Il
0 10 20 30 40 50

Number of Ni atoms in Nanoparticles

Figure 9: Integral heat of adsorption as function of the number of Ni atoms in the Ni, aggregates.
Experimental data for adsorption at 100 K (where terrace sites are predominantly populated) (red
squares), calculated DFT data (blue filled and empty circles). For n > 19, the Nin aggregates in
DFT correspond to continuous Ni stripes or wires (blue empty circles). The DFT points were
shifted by 88 kJ/mol to smaller values (see text).

The experimentally determined heats of adsorption are larger than the DFT ones for 1 and
3 atom clusters by 15 and 10 kJ/mol, respectively, after this 88 kJ/mol correction in Figure 9). This
may be due to the fact that the cluster sizes could have been underestimated in the first two pulses
in the heat measurements of Figures. 2, 3 and 9. Although the LEIS measurements of Figure 1 are
consistent with a constant number density of Ni clusters, independent of coverage, those
measurements did not extend down to such low coverages as the heat measurements, so it is
possible that in the first two heat points, the Ni clusters had not yet reached their saturation density,
as we assumed here in estimating cluster sizes. For higher Ni loading, the DFT heats plotted in
Figure 9 are larger than the experimental ones. This is actually to be expected based on the wire-
like nature of the Ni aggregates modelled by DFT, which have more Ni—Ni bonds per Ni atom

than in the corresponding isolated clusters studied experimentally.
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The comparison and the discussion above reveal that, due to the strong Ni-ceria support
interaction and its large charge transfer, at least three Ni atoms are required to make Ni clusters
stable. Only then can the intrinsic Ni-Ni bond energies help win out over repulsive interactions

between partially charged Ni atoms at the Ni-ceria interface.

Figure 10a shows the number of electrons transferred per Ni atom versus cluster size as
calculated by DFT. The extent of charge transfer per Ni atom clearly decreases rapidly with cluster
size, but for a given size we found it to be generally independent of the size of the unit cell, as
discussed below. Figure 10b compares this number of electrons transferred per Ni atom versus

particle size as calculated with the experimental results reported in Figures 5a and 6.

As seen in Figure 10b, the charge transferred per Ni atom decreases strongly with particle
size in all three curves. However, it decreases much more rapidly in the DFT calculations than in
the closest corresponding experiment (i.e., CeO1.95(111) at 100 K, where the particles are at terrace
sites like in the DFT). The transferred charge in the experiments also decreases with size much
more rapidly at 100 K than at 300 K, so that the charge transferred per Ni atom on CeO1.95(111) is
3- to 4-fold larger for the same particle size at 300 K than at 100 K. This may be related to the
fact that the clusters are at step edges at 300 K but on terraces at 100 K, although this is surprising
since the 2.5% O vacancies in this CeO1.95(111) surface concentrate at step edges, and O vacancies
clearly decrease the extent of charge transfer (see above). However, step edges may have other
electronic or structural characteristics that enhance charge transfer in spite of these extra O
vacancies. For example, charge-transfer-induced lattice strain is probably relieved more easily
near steps. (Earlier DFT calculations have shown that such charge transferred to CeO2(111) and
the corresponding conversion of Ce** to Ce®* leads to lattice expansion parallel to the surface.’)
Given that the DFT calculations are at 0 K, the three curves in Figure 10b separate by temperature,
with greater charger transfer at higher temperature. Temperature seems unlikely to be the intrinsic
reason for this, since the only reasonable explanation would be some activation energy associated

with charge transfer of a type that we have never seen reported.

For the same particle size in Figure 10b, the total Ni coverages are quite different for the
three curves for CeO2(111) and CeO1.95(111), since the Ni clusters are much closer together in the
DFT models than in the experiments at 100 K, and they are closer together in the experiments at

100 K than at 300 K. It is possible that there are strong dipole-dipole repulsions between clusters,
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since the clusters carry so much charge and have their counter charge in the outermost ceria plane
at the metal-ceria interface according to the DFT results. These repulsions get stronger as the
distance between parallel dipoles decreases, and are therefore well known to lead to depolarization
of adsorbate-substrate bonds as their coverage increases.”™ So these different coverages would
affect charge transfer in the way seen here: higher coverages lead to less charge transfer for the
same cluster size. The data for these curves in Figure 10b are replotted versus coverage in Figure
11. When plotted in this way, all three data sets converge into a single curve, which lends support
to the proposal that the differences in Figure 10b are largely associated with this effect of coverage
(cluster separation) on dipole-dipole repulsions between clusters. We tested this effect directly
with DFT by changing the unit cell size for the same cluster size and shape. For one Ni atom with
(4x4), (3x3), (2x2) periodicity, DFT shows that two electrons are transferred to the ceria support
(Ni?*), whereas for the (1x1) unit cell, only 2/3 of electron is transferred (Ni®%¢*). However, for
both the Nis and Nis.3D clusters with (3x3) and (2x2) periodicity, two electrons are transferred
independent of the size of the unit cell (3xNi%7*). This can be seen as the pairs of DFT points in
Figure 11 with nearly the same charge transfer but quite different coverages (cf. Nis.3D and Ni13
with about 0.4 electrons donated per Ni atom but corresponding to 0.56 and 1.45 ML). This gives
rise to the greatest deviations from the single curve fit through these data in Figure 11. Since these
DFT calculations do not show a direct effect of coverage on charge transfer, we cannot be sure
that the nice correlation with coverage in Figure 11 that seems to bring all three data sets into pretty
close agreement is really due to the direct effect of coverage (i.e., cluster separation). It may be
that the largest unit cell size in the DFT calculations is still not large enough to see this effect,
since the cluster density used in the DFT models is much higher than in the experiments. An

alternative explanation is that the charge transfer in the 300 K experiments is greater for the same
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cluster size than in the 100 K experiments due to the fact that the clusters are at step edges at 300
K but on terraces at 100 K (see above).
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Figure 11. Number of electrons donated per Ni atom versus total Ni coverage, as calculated by
DFT for CeO2(111) and as measured for CeO1.95(111) at 100 and 300 K. The numbers of atoms

in the nanoparticles are also indicated for the points closest to 1.3 ML. The curve fit is just to guide
the eye.

The experimental charge transfer at 300 K in Figure 11 is quite large. For example, for
particles with 278 atoms, ~1/3 electron is transferred per Ni atom, so that the particle has a charge
of +93. Since the aspect ratio of the particle is 0.25, about 1/3 of the Ni atoms are on the interface.
Therefore, the measured total charge transfer will be realized if each Ni atom at the Ni-CeO-
interface transfers one electron to the ceria. Apparently there is not too much Coulombic repulsion,
because of attractions to the negative charge on the ceria (i.e., Ce* ions) at the interface, as
indicated by the DFT calculations. The high strength of this interfacial bonding decreases the
chemical potential of the Ni atoms in a way that can be directly related to the superior sinter
resistance of these materials via well know rate equations.”® 7’
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The results above clearly show that the electronic character of the Ni atoms changes with
Ni particle thickness and size, and with the location of the Ni atoms within the 3D particles (i.e.,
whether in the interfacial layer or in layers further away from the CeO; support), and with the
extent of reduction of the CeO> support. We next show how these changes can be related to some
of the unique catalytic properties of Ni/CeO> materials that have been reported, and how these

vary with the structural properties of these materials at the atomic scale.

First, let us consider highly dispersed Ni on CeO. with few oxygen vacancies, where all
the Ni atoms are either isolated monomers or small 2D clusters. We show above that these Ni
atoms are highly cationic. It has been recently shown® 1912 that well-dispersed, small Ni
nanoparticles on a non-reduced ceria support, with all the Ni atoms being interfacial, promote the
activation of both O—H and C—H bonds at room temperature, with lower activation barriers than
for extended metallic Ni surfaces. Most importantly, this type of material can perform direct
catalytic conversion of methane to methanol at low temperature (450 K), using a mixture of oxygen
and water as the oxidant, with ~30% selectivity.'* This we attribute to the highly cationic character
of the surface Ni atoms. These same types of structural features were also reported to be most
active for catalyzing the water-gas shift (WGS) reaction (CO+ H.O — CO2+Hy), where higher Ni

loadings (larger Ni particles) were shown to be less active. ®

For larger Ni nanoparticles, we find that neutral Ni atoms are above the oxidized interfacial
Ni atoms and thus are exposed to gas-phase reactants. The calculated O—H bond cleavage
activation energy at these neutral Ni atoms is higher than at the Ni monomers and few-atom Ni
clusters discussed above, and not very different from that on Ni(111).6 Hence, the Ni atoms at the
rim of these larger nanoparticles are the only effective sites for O—H bond cleavage. These larger
particles with both neutral Ni atoms and cationic Ni at the particle perimeters appear to be the most
active for converting CO+H20 into methane.! In fact, the selectivity of Ni/CeO2(111) model
catalysts was reported to depend strongly on Ni loading. Specifically, low-loaded systems catalyze
the production of CO2+H>, whereas high-loaded systems catalyze the production of CHa4. The Ni
loading also has a strong effect on the rate at which the system exposed to CH4 deactivates: during

dry reforming of methane on high-loaded systems, coke forms and deactivates the catalyst.!*

The nature of the ceria support is also important. As discussed above, the binding of Ni
nanoparticles on CeO, surfaces becomes increasingly weak as the degree of reduction of the ceria
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surface increases; and, the amount of charge transferred from the Ni to the CeO,, for the same
small Ni particle size, also decreases strongly with the extent of reduction. Therefore, if operating
conditions are changed for low-loaded Ni/CeO; catalysts in such a way that the CeO> gets more
reduced, this will markedly reduce the charge on the Ni atoms. This is the case during methane
dry reforming with CO, over low-loaded Ni/CeO- catalysts at 650 K.1*12 The C-H cleavage
barrier remains low even though, as we show above, the charge transfer from Ni to ceria is
decreased due to ceria reduction, but now the C—O bond cleavage barrier in CO; also becomes

low,° due to the presence of surface oxygen vacancies.

5. Conclusions

Ni atoms adsorb on slightly reduced ceria CeO2x(111) and form three-dimensional
nanoparticles at 300 and 100 K, which increase in size with increasing Ni loading. The extent of
reduction of ceria has a minor effect on the Ni particle number density at 300 K, while decreasing
temperature from 300 to 100 K results in 3-fold higher Ni particle number density on CeO1.95(111).
The heat of Ni adsorption onto CeO1.95(111) at 300 K starts from 345 kJ/mol (attributed to step
edges), decreases within the first 0.2 ML to 323 kJ/mol (as step edge sites saturate), and increases
afterward (due to growing particle size) until the bulk heat of Ni sublimation is reached by 9 ML.
On CeO1g(111) at 300 K, this initial drop in heat of adsorption was not observed, attributed to
weaker Ni binding to step edges when full of O vacancies. The heat of adsorption is generally
lower on the more reduced ceria surface (by up to 65 kJ/mol initially at 300 K), again suggesting
that the oxophilic Ni atoms do not prefer O vacancies. DFT calculations support this. On
Ce01.95(111) at 100 K, Ni atoms adsorb mainly on terraces due to slow Ni adatom diffusion, with
an initial heat of adsorption that is 45 kJ/mol lower than that at 300 K where Ni atoms mainly
adsorb on step edges. This highlights Ni’s strong preference for step edges over terraces. Upon
adsorption, Ni atoms donate electrons to the support to generate Ce*. DFT calculations show that
this charge is localized on the interfacial Ni and Ce atoms in their atomic layers closest to the
interface. As the coverage and particle size grow, the average number of electrons donated per Ni
atom decreases in both experiments and DFT calculations. For the same size, Ni particles exhibit
less charge transfer to CeO1.95(111) at 100 K (when on terraces) than at 300 K (when at step edges).
The charge transfer from Ni particles is much less on CeO1g(111) compared to CeO1.95(111) at
both temperatures.
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Ni-CeO; interactions that produce strong electronic perturbations in the Ni nanoparticles
result in important changes in their chemical and catalytic properties, as discussed for the examples
of both O—H and C—H bond cleavage. Manipulating these interactions by, for example, controlling
the degree of reduction of the support, as well as particle size and metal loading, can lead to
improved catalytic activity and/or selectivity. Our findings help explain some of the outstanding
catalytic properties of Ni/CeO2 materials and how they depend upon their atomic-level structural
details. This may aid in the rational design of catalysts that involve O—-H and C-H bond

dissociation.
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