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Abstract

Metal-support interactions can dramatically affect the properties of nanocomposite materials. Nevertheless,
comprehensive studies of the interfaces between metal nanoparticles and oxide supports remain scarce due to
challenges in experimental characterization. A significant understanding of the interactions at such interfaces can be
obtained by combining state-of-the-art experiments with density functional calculations. In particular, this Perspective
illustrates how theory and experiment can be combined to study interfacial charge transfer, the short- or long-range
natures of nanoparticle-support interactions and the effects of oxide nanostructuring on the properties of supported
metal particles. These studies aid our understanding of the role of metal-oxide interactions in industrially employed
nanocomposites and the design of interfaces with unique properties for future applications.

Introduction

Boundaries between substances—interfaces—are ubi-
quitous in nature and technology. Interfaces between
reactive particles and the supports anchoring them can
dramatically improve catalytic performance’. Interactions
of metal nanoparticles (NPs) with various supports have
arguably been discussed for a long time*®. Many con-
troversies still remain unresolved because even the most
modern experimental tools can rarely pinpoint elusive
metal-support interactions controlled by several inter-
related factors®™’. However, significant progress has been
achieved with computing facilities and quantum-
mechanical methods, which have enabled simulations of
interfaces in catalytic materials with predictive accuracy.
For instance, recent advances in computer codes based on
density functional theory (DFT) have enabled reliable
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calculations of metal-oxide interfaces using realistic
models with over one hundred atoms in transition-metal
NPs on supports represented by hundreds of atoms
(Fig. 1)®. These developments allow DFT simulations to
supplement experimental techniques in quantifying and
analyzing the effects of supports on the structures and
reactivities of deposited metal particles. Understanding
these phenomena is the key to preparing tailor-made
catalysts and many other complex multicomponent
nanomaterials.

Interfaces with surfaces of nonreducible metal
oxides

The basics of metal-oxide interactions can be illustrated
by considering the effect of the MgO (100) support on the
properties of Pd and Pt NPs. In principle, such an effect
could be expected to be quite small in the absence of
defects in the support, since MgO is a highly ionic and
nonreducible oxide. Nevertheless, the MgO (100) support
was found to notably affect the stabilities of different
shapes and interface configurations of fcc-type metal NPs,
while it only slightly altered their interatomic distances
and electronic structures®. On average, ca. 0.1 extra
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Fig. 1 Typical models of nanostructured catalysts. Reliable
electronic structure simulations of metal-oxide interactions require
highly complex models composed of up to 500 atoms.
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electrons were accumulated on metal atoms in direct
contact with the support according to a Bader analysis.
Figure 2A displays the electron densities induced in Pd,
NPs by deposition on MgO (100): in all models, the
interface atomic layer revealed the presence of excess
electron density, the layer next-nearest to the interface
showed minimal depletion of electrons, and basically no
charge redistribution was identified far from the atoms at
the top of the NP interface.To what extent does deposi-
tion of Pd, and Pt, NPs on MgO (100) modify their
reactivity? The difference in the interaction energy of a
probe reactant species with a bare and supported NP
under scrutiny can serve as an indicator of the effect of
interface formation on surface reactivity. To evaluate this
effect, DFT calculations were performed on single
hydrogen atoms interacting with bare and MgO (100)-
supported representative 1.6 nm large particles of Pd;o;
(Fig. 2B) and Pt;,; (not shown)’. Overall, the support
changed the binding energies of H to Pd;,; and Pt;,; NPs
by <0.07 eV. This effect of the MgO (100) support on the
adsorption energy of H was several times smaller than the
variation in the H absorption energy inside the NPs,
0.20-0.24 eV, when the surface coverage of H on Pd;,;
and Pt;,, NPs was increased from zero to saturation'®.
Notably, the binding of different adsorbates may have
different sensitivities to metal-oxide interactions at the
perimeter sites on the particle-support interface. For
example, Pd/MgO interactions increased the O binding
energy by 0.49 eV (from 0.85 to 1.34 eV) at the perimeter
sites of the interface, whereas the CO binding energy was
increased by only 0.23 eV (from 1.46 to 1.69eV) at the
same sites (Fig. 2C, D)'". Although these values look
much higher than the 0.07 eV change in H adsorption
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energies on the perimeter of the Pd/MgO interface, one
should note that these sets of results were obtained by
using different NP models. Whereas H binding energies
were calculated on Pd;,; particles forming an interface
with MgO through {100} facets, CO and O were studied
on Pdy9 particles with {111} facets in contact with the
oxide. The interfacial structure or nanoparticle shapes
may also affect the binding of an adsorbate to the peri-
meter sites to a certain extent, and this evaluation requires
further study.

A common feature noticed in studies of H, CO or O
adsorption on Pd particles supported on MgO were direct
effects of nanoparticle-support interactions on the reac-
tivities of metal sites located as far as 0.5nm from the
interface. Despite the apparent short-range nature of
metal-oxide interactions, they can have very long-range
(>100 um) implications for catalyst performance.
Although characterizing reaction kinetics on such a
microscopic scale remains challenging, much can be
learned by using photoemission electron microscopy
(PEEM), which can reveal the changes in the work func-
tion of the explored material induced by the presence of
various adsorbates on its surface'>'?, For instance, PEEM
can show the reaction fronts separating the areas of a CO
oxidation catalyst that are covered and poisoned by CO
and the areas that are covered by O atoms and remain
catalytically active. With a gradual increase in the CO
pressure, such reaction fronts were observed to initiate at
the particle boundaries and to propagate from there for
more than 50 um to the interiors of particles, gradually
changing O-covered areas to areas poisoned by CO'.
This mechanism of CO poisoning makes the reaction
kinetics highly sensitive to the properties of perimeter
sites, where deactivation fronts are initiated. In particular,
Pd particles on nonreducible oxide supports show
increased energies for O binding on the perimeter sites of
metal-oxide interfaces, which hinders competitive CO
adsorption on them (Fig. 2E-G). As a result, a doubly
higher CO pressure was necessary with micrometer-sized
oxide-supported Pd particles to enable the formation of
deactivation fronts and propagation across the particle to
block the CO oxidation reaction (Fig. 2H). In this way, the
effects of metal-support interactions on the reactivities of
a small number of sites (<0.001%) on the perimeters of
metal-oxide interfaces modify the overall catalytic activity
of 100pum Pd agglomerates. Several oxide supports
revealed the beneficial effects of metal-support interac-
tions on the resistance of Pd catalysts to CO poisoning
during CO oxidation''. For example, very similar O and
CO binding energies were calculated for the perimeter
sites of Pd particles supported on MgO and ZrO,.
Moreover, Pd particles supported on Al,O; were also
observed to be deactivated at somewhat higher CO
pressures than Pd (111), although the required pressure
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et al."! copyright 2018).

Fig. 2 Perimeter sites on metal-oxide interface. A Polarization of electron density at the interface of Pd;,9 and a MgO (100) support rapidly

decaying with distance from the support; B calculated adsorption energies in kJ mol-1 for H on Pd;,; with respect to %4 H,, (C) O on Pd; ;o with
respect to %20,, and (D) CO on Pd;;4 showing how metal-oxide interactions selectively change the reactivities of perimeter sites toward adsorbates;
E-G PEEM images showing advancement of the CO deactivation front from the boundaries of 100 um large Pd particles supported on ZrO, with
increased CO pressure; H CO oxidation activities of Pd particles on Pt and ZrO, supports depend on the CO pressure and show the beneficial effects
of oxide supports on catalyst resistance to CO poisoning. Color coding of atoms in (A-D): Pd - dark and light turquois, Mg — green, O — red. (A is
reprinted from Kozlov et al?, with permission from AIP Publishing; images in (C-H) are adapted with permission from Springer Nature: Suchorski

was not as high as that for Pd particles on ZrO,.
Obviously, the presence or absence of such beneficial
effects depends on the particular combination of a metal
and an oxide support.

Interfaces with surfaces of reducible metal oxides:
Electron transfer

Electron transfer through the interface is one of the
most important components of particle-support interac-
tions. Such charge transfer plays a significant role in the
distribution of the electric field and electron polarization
in the nanocomposite material and changes the very
basics of the electronic structure and the chemical prop-
erties of the involved atoms.

The driving force for interfacial electron transfer is the
difference between the Fermi levels of the materials
forming the interface. The electron transfer also requires
the presence of suitable occupied and unoccupied elec-
tronic states in the donor and acceptor materials,
respectively. Whereas metals have plenty of electronic
states at the Fermi level, only some oxide materials will
have an electronic structure suitable for interfacial elec-
tron transfer. In particular, one could expect that electron
transfer would be prominent at the interfaces between
metals and reducible metal oxides that allow changes in
the oxidation states of metal cations.

Despite the critical importance of interfacial electron
transfer on the physical and chemical properties of
nanocomposite materials, it is not commonly studied due
to the scarcity of suitable experimental techniques. In
addition to challenges common to experimental studies of
metal-oxide interfaces, characterization of interfacial
electron transfer requires extremely sensitive measure-
ments because the process may involve just a few elec-
trons per metal particle. One of the most highly sensitive
techniques is resonant photoemission spectroscopy
(RPES), which allows one to quantify the extent of metal-
oxide charge transfer by measuring concentrations of
cations in different charge states on the oxide surface. To
achieve that, RPES leverages the strong sensitivity of the
resonant condition for the energy of the irradiating pho-
nons with the charge state of the surface cations, thereby
enabling the detection of surface cations in a given charge
state at concentrations as low as 0.1%*.

For instance, RPES was used to determine with high
precision changes in the relative concentrations of surface
Ce®" and Ce*" cations upon deposition of Pt on ceria
support, and this was used to measure the overall mag-
nitude of electron transfer between Pt and ceria'®.
Moreover, by combining RPES characterization with
carefully calibrated X-ray photoelectron spectroscopy
measurements to evaluate the overall amount of depos-
ited Pt and scanning tunneling microscopy data to obtain
the density of Pt particles on the ceria support, one could
derive the number of transferred electrons per Pt atom
and per Pt particle (Fig. 3A). In line with the results of
DFT calculations, the extent of electron transfer from Pt
particles to the ceria support was measured to be ~0.1
electrons per Pt atom for Pt particles measuring 1—1.5 nm
in size, i.e., those composed of 30—70 atoms. Deposition
of more Pt on ceria resulted in larger Pt particles and
saturation of the overall magnitude of metal-oxide elec-
tron transfer, which decreased the magnitude of electron
transfer per Pt atom. According to DFT data, the
saturation of charge transfer and decreased magnitude of
charge transfer per Pt atom should also be observed when
small Pt particles are deposited on ceria with a high
density. Interestingly, the experiments also indicated
suppression of electron transfer for very low quantities of
deposited Pt. Although this finding was hard to rationalize
based on experimental measurements alone, DFT calcu-
lations provided a possible mechanistic explanation.
Namely, DFT results suggested that the magnitude of
electron transfer may have decreased due to interactions
between Pt particles and defects on the ceria surface, such
as O vacancies, which may serve as nucleation centers for
Pt particles at very low Pt coverage'®. This study showed
how important it is to combine highly sensitive experi-
mental techniques with DFT modeling to obtain a deeper
understanding of metal-support charge transfer, which
often amounts to just several electrons per metal particle.

Although the extent of metal-oxide electron transfer
may be at the detection limits of most experimental
techniques, this phenomenon notably affects the proper-
ties and catalytic activities of supported metal particles. In
view of the experimental challenges, it is more straight-
forward to study the effects of metal-support electron
transfer on the reactivities of supported particles with
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Fig. 3 Electron transfer from Pt particles to the CeO,(111) support. A The number of electrons transferred to the support per Pt particle
increases with increasing particle size (green squares). The maximum charge per Pt atom is for particles containing 30-70 atoms (yellow circles).

Color coding of atoms: Pt — dark blue, Ce*t - beige, Cce’t - light blue, O - red (darker in the surface layer), C — black. (Adapted with permission from
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2 -1.20 -1.98 -

3 -1.28 -2.24 -0.81

1) on the adsorption energies E,q4 of O, CO and H,0O species.

DFT methods, which allow one to directly control the
number of transferred electrons in the simulations. For
example, varying the number of electrons transferred
from Ptg clusters to underlying CeO, (111) from O to 3
was calculated to change the energies for binding of CO
and H,O molecules on the clusters by almost 0.5 eV (Fig.
3B). Curiously, the energy for binding of O atoms on Pt
clusters remained almost the same irrespective of the
extent of Pt-ceria electron transfer. Thus, metal-oxide
electron transfer may affect the catalytic activity of the
supported particles and could also change the selectivity
by influencing their interactions with various reaction
intermediates to different extents.

Interfaces with nanostructures of reducible metal
oxides

Metal oxide supports in catalytic applications com-
monly do not expose regular extended surfaces. Rather,
the supports are present as nanostructures exhibiting a
variety of numerous undercoordinated surface sites and
irregularities. For the typical reducible metal oxide sup-
port CeO,, nanostructuring can result in the formation of
surface sites that bind interacting species, e.g., metal
atoms, much more strongly than regular surface sites
do'”7?°. For instance, the square sites of four O atoms
exposed by putative lowest-energy structures of stoi-
chiometric (CeO,),, NPs' were calculated to bind single
atoms of late transition metals'”'® even more strongly

than these atoms are bound on the surfaces of the cor-
responding metal particles. Thus, metal particles depos-
ited on ceria can be dispersed, ultimately up to single
atoms strongly anchored to such sites. This remarkable
behavior (see Fig. 4A) predicted for Pt particles based on
DFT simulations was also corroborated experimentally'”
Even more interesting, the interplay between ceria-
supported Pt particles and cationic single atoms was
reversible, and it rapidly adjusted to the oxidative or
reductive reaction environment®’. These dynamic chan-
ges in the structure and electronic state of platinum in the
Pt/CeO, catalyst dramatically affect its reactivity and
stability.

Another peculiarity of ceria NPs is their much greater
propensity to release (and store) oxygen compared to
regular surfaces or bulk of ceria. This property is related
to the much lower energy required to form oxygen
vacancies in nanoparticulate ceria and was rationalized in
detail by using DFT calculations more than a decade
ago”!. At that time, it was predicted that release of lattice
O atoms from Pt,/CeO, NPs with subsequent migration
and binding of O to the deposited Pt, species, the so-
called reverse spillover of oxygen, was energetically
favorable (see Fig. 4B)*>. Dedicated RPES experiments
demonstrated (see Fig. 4C) that spillover indeed took
place as an activated process at moderately elevated
temperatures>>. This led to a very important conclusion
that even under high-vacuum conditions, platinum
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Fig. 4 Nanostructuring of a ceria support affects Pt/CeO, materials. A Ceria nanostructures can expose surface sites that very strongly bind
single metal atoms and enable dispersion of metal particles as illustrated for Pty on Ce,qOgo. Binding energies of atomic Pt and Pt particles with ceria
are shown in italics. Pt - blue, O - red, Ce** - beige and Ce** - brown. (reprinted from Bruix et al."” copyright 2014 John Wiley & Sons). B Easier O
vacancy formation (oxygen release) in ceria nanoparticles vs. extended ceria systems makes lattice O spillover to Pt particles in Pt/CeO, composites
feasible, as illustrated with Ptg/Ce40s0 models”. € Color coding is the same as that in (A). Charge transfer upon Pt deposition on nanostructured

CeO, at 300K and O spillover to Pt above 500 K** (adapted with permission from Springer Nature: from Vayssilov et a

1% copyright 2011).

particles deposited on nanostructured ceria underwent
mild partial oxidation by O atoms of the support, result-
ing in different electronic states and reactivities of such
particles compared to those of pristine metallic particles.
It should be noted that catalytic Pt,/CeO, systems can
transform in the presence of atmospheric oxygen into
oxide-like Pt,0,,/CeO, systems with cationic platinum
and unique catalytic properties®. In a very recent DFT
study®*, CeO,-supported Pt,O,, aggregates were found to
be most stable under realistic conditions at stoichiome-
tries close to PtO; 5, whereas the corresponding bare Pt,
species tend to be completely oxidized to PtO, under
similar conditions.

Most of the discussion above was focused on the noble
metals Pt and Pd. Less noble metals can interact with
reducible oxide supports more strongly, resulting in even
more significant changes in the catalytic activity. For
example, unlike Pt, metals such as Rh do not require
nanostructuring of the ceria support to enable reverse O
spillover®®. Moreover, the interactions of metals such as
Ru® and Cu®’ with the ceria support are known to acti-
vate the oxide by inducing the formation of O vacancies.
In principle, dramatic changes in catalytic activity due to
the creation of O vacancies were also observed for Au NPs
on ceria®® and titania®® supports during CO oxidation and
water-gas shift reactions, among others. Nevertheless, a
closer look at the activities of catalysts comprising oxide-
supported Au NPs revealed® that their activities could
not be explained solely by O vacancy formation in the
support but were also affected by the high intrinsic
activities of metal-oxide interfaces in H,>!' and 0,2
activation.

Concluding remarks

In summary, a growing understanding of the processes
operating on metal-oxide interfaces shows their critical
importance in determining the properties of many
nanocomposite materials. Metal-oxide interactions may
profoundly affect both the geometric and electronic
structures of supported metal NPs as well as their reac-
tivities. However, the effect of the support on particle
properties may vary greatly depending on the property
under consideration as well as the distance to the metal-
oxide interface. Some properties, such as interatomic
distances or polarization of electron density in the

nanoparticle, seem to be altered only in the immediate
vicinity of the interface®®. In contrast, the effects of sup-
port on the shapes and charge states of NPs naturally
extend to the entire particles.

The effects of metal-oxide interactions on the reactiv-
ities of NPs are found to be more complex. The interac-
tions between metal particles and some adsorbates seem
to be essentially insensitive to the nanoparticle-support
interactions, whereas binding energies to other species
can change dramatically, by up to 0.5V, in the presence
of oxide support. This indicates that nanoparticle-support
interactions may govern the activities of nanocomposite
materials in catalytic applications as well as their selec-
tivities. Although oxide supports noticeably affect the
binding energies of various adsorbates and reaction
intermediates only on the perimeter sites of the
nanoparticle-support interfaces, such sites were demon-
strated to have far-reaching implications for catalytic
activity. Moreover, metal-oxide interactions often change
the catalytic activities and other properties of oxide sup-
ports by facilitating O vacancy formation on their surfaces
and reverse spillover of O atoms from the oxide to
metal NPs.

One of the most exciting components of nanoparticle-
support interactions is charge transfer through the metal-
oxide interface. Available studies suggest that this electron
transfer is facilitated by the reducible nature of the oxide
support and strongly depends on the presence of defects
in the oxide and its nanostructuring. Although interfacial
electron transfer appears to achieve the highest magni-
tude per atom for ~1.5 nm particles, which may cause the
accumulation of only several electrons, it may significantly
affect the electronic structures and reactivities of the NPs.

Current studies of nanoparticle-support interactions are
limited by the insufficient sensitivity or resolution of
customary characterization techniques and challenges in
applying them to materials with complex morphologies.
As a result, the most impressive advances in this area have
been achieved with combinations of sophisticated
experimental techniques and density functional simula-
tions, which provide the necessary atomic-level insight
into the electronic structures and reactivities of the
nanocomposite materials. Although atomic-level studies
of metal-oxide interfaces have gained some momentum,
future progress will depend on development of
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experimental techniques and computational approaches
to treat systems of such complexity seamlessly.

A better understanding of the unique properties of
metal-oxide interfaces in nanocomposite materials will
facilitate engineering for a given application. In particular,
one could expect nanocomposites enhanced by tailored
metal-oxide interactions to lead to breakthroughs in cat-
alysis, plasmonics and related applications.
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