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Abstract: Platinum is the most versatile element in catalysis,
but it is rare and its high price limits large-scale applications,
for example in fuel-cell technology. Still, conventional catalysts
use only a small fraction of the Pt content, that is, those atoms
located at the catalyst’s surface. To maximize the noble-metal
efficiency, the precious metal should be atomically dispersed
and exclusively located within the outermost surface layer of
the material. Such atomically dispersed Pt surface species can
indeed be prepared with exceptionally high stability. Using
DFT calculations we identify a specific structural element,
a ceria “nanopocket”, which binds Pf" so strongly that it
withstands sintering and bulk diffusion. On model catalysts we
experimentally confirm the theoretically predicted stability,
and on real Pt-CeO, nanocomposites showing high Pt
efficiency in fuel-cell catalysis we also identify these anchoring
sites.

P latinum is one of the most versatile elements in catalysis,
efficiently mediating a multitude of chemical reactions."! The
fabrication of three-way catalysts for gasoline-powered vehi-
cles alone consumes more than one third of the globally
produced Pt and constitutes an annual worldwide market of

several billion US$.”) Furthermore, Pt is very rare (0.003 ppb
in the earth crust) and its market price (around 1500 US$/0z)
generally exceeds that of gold. Such excessive costs are the
foremost problem when commercializing new industrial
applications featuring Pt-containing materials as catalysts."!
For instance, the high price and demand for Pt is one of the
major obstacles limiting large-scale application of fuel-cell
technology.!

Not surprisingly, the goal of reducing the demand for Pt
(and other platinum-group metals, PGM) is a major driving
force in catalysis research.”’ There are two strategies to tackle
this challenge: The first is the replacement of precious noble
metals by new, less-expensive, and more-abundant materials.
Promising strategies have been proposed® but so far many
noble-metal-free catalysts cannot compete with their expen-
sive counterparts. The second strategy—straightforward and
simple—has been followed ever since noble metals have been
used in heterogeneous catalysis: The idea is to use the
expensive metal as efficiently as possible.”! In this case, the
most critical parameter is the dispersion, that is, the fraction
of the metal atoms that are exposed to reactants.®’ Small
PGM nanoparticles (NPs) supported on high-surface-area
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oxides are commonly employed in catalytic materials to
achieve high dispersion. Yet, it is still only a minor fraction of
the metal that is truly active in most reactions.

How should we design an “ideal catalytic material” that
makes the maximum use of the noble-metal component? In
this ideal material each individual precious-metal atom
should be accessible to reactants. In other words, the entire
noble-metal content should be dispersed in the form of atoms
located in the very surface layer of the catalyst material.’) In
fact, it was recently discovered that traces of atomically
dispersed platinum (and gold) on ceria are catalytically
active.'"” This and similar systems represent a new class of
catalysts—atomically dispersed supported metal catalysts.!""]

Yet it is not enough to just prepare an atomically
dispersed catalyst. Under the harsh conditions of many
catalytic reactions, two phenomena often lead to rapid
deactivation: sintering of the particles and bulk diffusion of
the active metal reduce the fraction of surface atoms.
Consequently, the “ideal catalytic material” must also stabi-
lize the active metal atoms against agglomeration and bulk
diffusion. In other words, we need to anchor the atomically
dispersed active atoms at the surface so strongly that they will
resist both the aggregation into NPs and the diffusion into
deeper layers.

Herein, combining theory and experiment, we have
identified a target structure for an atomically dispersed Pt
catalyst that fulfills both requirements. By means of density-
functional theory (DFT) calculations we determine a struc-

ceria nanoparticle . §

tural element with unique properties: a surface Pt*" ion that

resides in a square-planar coordination site located at a CeO,
nanofacet. Theory predicts that this structural unit should be
so stable that it will resist aggregation into metallic Pt NPs.
Moreover, it can only be formed at the surface, thus
preventing Pt diffusion into the bulk. By model catalytic
experiments in ultrahigh vacuum (UHV) we show that these
Pt*" centers do exist at the surface and indeed feature the
predicted stability. On real ceria NPs prepared by thin film
technologies, we identify the same Pt*" species and locate the
{100} nanofacets where these atomically dispersed species are
stabilized.

In Figure 1 we summarize the results from the DFT
studies. We start our quest for the “ideal” Pt site by analyzing
suitable ceria NPs. Recently, we have shown that the ceria
nanostructure critically controls its surface properties.’? We
have identified the cuboctahedral Ce,,Og, NP as a represen-
tative model for nanostructured ceria (Figure 1). It features
a truncated octahedral shape with O-terminated {111} and
very small {100} nanofacets. The {100} nanofacets correspond
to the polar (100) surface, which is notably less stable than the
(111) surface of ceria.l'¥l Yet, these {100} nanofacets are
abundant structural elements on nanostructured ceria.'*** As
we will show, they turn out to play the key role in this study.

Atomic Pt is placed on various sites of the Ce,,Og) NP. We
find a moderately strong binding (adsorption energy of —273
to —303 kJmol ') on the {111} facets, resulting in Pt° and Pt*
states, respectively (see supplementary online text for more
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Figure 1. Structure and energetics of the anchored Pt*" species on ceria nanoparticles determined by theory. The Pt*" is strongly bound at the
{100} nanofacets of the ceria nanoparticle. Color coding of atoms: red O, beige Ce**, brown Ce®", blue Pt, white H.
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details). The adsorption energy is similar to that calculated on
the regular CeO,(111) surface (—256 kI mol™").") The formal
charge state of Pt is determined by the number of Ce cations
reduced upon the adsorption, that is, Ce*"(4f")—Ce**(4f").

Surprisingly, the atomic Pt adsorbed on the {100} nano-
facet turns out to behave entirely differently. It acquires a 2 4
state by donation of two electrons, thereby creating two Ce**
centers (Figure 1). Most importantly, the adsorption energy is
extraordinarily large: the Pt*" is bound to the oxide by as
much as 678 kI mol™". Such strong interactions of metal atoms
with oxide surfaces are indicative of surface coordination
compounds, in which the support acts as a polydentate
ligand."®! Apparently, the “surface pocket” with the four O*
ions (nearest neighbor separations of 315-320 pm, see Fig-
ure Sla in the Supporting Information) provides an ideal
“matrix” to host the Pt**(d®) ion." Indeed, our calculations
reveal the formation of a nearly square-planar arrangement
with the central atom Pt*" elevated by just 11 pm over the
plane of the surface O anions. Upon binding to the Pt atom,
the O* square contracts to the nearest neighbor separations
of 289-290 pm, leading to Pt—O distances of 205 pm (Fig-
ure S1b). Such contraction requires substantial structural
flexibility which is, however, easily provided by the nano-
particle. Note that the O-terminated {100} facets are not the
only sites on the NP that could accommodate Pt*' ions in
a square-planar coordination. The same local PtO, structure
(featuring Pt**, Figure S1d) results from the substitution of
a corner Ce atom of the NP by Pt atom accompanied by the
release of an O atom. We note that in previous EXAFS
(extended X-ray absorption fine structure) studies on real
catalysts it was speculated that atomic Pt may indeed be
located in a square-planar arrangement of oxygen ions."® Our
DFT calculations identify the atomic structure of these sites
and reveal their striking stability.

Remarkable consequences arise from the strong anchor-
ing of the Pt*" ions at the {100} “nanopockets”. These are
summarized in Figure 1. The adsorption energy of the
anchored Pt*" ion exceeds the cohesive energy of bulk Pt
(=564 kImol~1)."”) This has one important consequence: the
anchored Pt*" is thermodynamically stable against sintering,
that is, the formation of metallic Pt nanoparticles. Therefore,
we expect the anchored Pt*' to be able to withstand high
annealing temperatures. Actually, it would even be conceiv-
able that the O®" nanopockets may be able to abstract Pt
atoms from supported Pt particles. We demonstrate the
exothermicity of this pathway by DFT calculations (Figure 1
and S2). For Pt, particles on Ce,4,Oy,, for instance, abstraction
of two Pt atoms is energetically favorable: the reaction yields
two Pt*" ions at the {100} nanofacets and four new Ce*"
centers, and leaves behind a Pt; aggregate. Whether such re-
dispersion processes could be really observed in practice
would, however, depend on the activation energies and the
experimental conditions applied.

Two other aspects are exceptionally important to under-
stand possible formation processes of the anchored Pt*". First,
we have to ask whether the dispersed metal will act as
a nucleation site for Pt nanoparticles. If this was the case, the
Pt*" would easily be covered by coexisting metallic Pt. To
answer this question we investigate the formation of Pt,
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dimers, which is strongly exothermic (369 kImol™)? on
regular CeO,(111). In sharp contrast, the anchored Pt*" does
not favor bond formation with another Pt atom. No local
minimum corresponding to a Pt-Pt*'/O, moiety was found
and during the geometry optimization the dimer dissociated
into the Pt*/O, complex and a neutral Pt atom adsorbed
nearby. This finding implies that the anchored Pt** species can
actually coexist with metallic Pt nanoparticles without being
buried by excess Pt. Notably, CO interacts very weakly with
the anchored Pt*" ion (7 kJmol™"), indicating that the Pt*" is
hardly perturbed by CO adsorption.

A second important aspect is how the oxidation or
reduction of ceria would influence the stability of the
anchored Pt*' ion. We investigate the adsorption of Pt at
the {100} nanofacet of Ce,,Og, under stepwise reduction of the
NP by adsorption of H atoms (Figure 1 and S3). Upon
hydrogenation of up to eight O atoms in the vicinity of the
Pt**/O, complex (Pt/Ce,,0.,(OH)y), the adsorption energy of
the anchored Pt*" decreases only slightly (to about
—600 kI mol ™', see Figure S3). However, further hydrogena-
tion (12 hydrogenated O atoms in the vicinity of Pt**/O,
moiety, Pt/Ce,,Og(OH),) lowers the adsorption energy of
the Pt atom below the metallic cohesion energy; in other
words, the anchored Pt*" ion becomes thermodynamically
unstable with respect to formation of Pt nanoparticles. As
could be expected, such strong reduction of ceria NP also
induces the reduction of Pt** to Pt’ (Figure 1, Slc, and S3). As
a result, two Pt—O bonds are broken, the square-planar
structure is lost, and the adsorption energy drops to
—328kJmol™', a much too weak binding to hinder Pt
agglomeration. Indeed oxidized Pt finely dispersed on ceria
was found to agglomerate upon heating to 600°C in flowing
H,."! Our models now provide a microscopic picture of this
phenomenon and elucidate its energetics.

The outlined theoretical modeling predicts that it should
be possible to prepare very stable, atomically dispersed Pt*"
species at the surface of nanostructured CeO,. Moreover,
results of our current calculations indicate that the O,
nanopockets also stabilize many other metals against agglom-
eration, such as Pd, Ni, Co, and Cu. Thus, this type of metal-
support interaction appears to promote formation of single-
metal-atom catalysts in a general fashion.

The cationic species which are formed, reside at the
surface up to high temperature, withstanding sintering and
diffusion into the bulk. This prediction can be tested by model
catalytic experiments. In model catalysis we prepare well-
defined surfaces under “ideal” conditions, that is, starting
from atomically clean single-crystal surfaces under UHV
conditions.”"! This strategy allows the building up of complex
surfaces step by step, while at any stage these models remain
accessible to the spectroscopic and microscopic methods of
surface science.

We construct our model system starting from a well-
ordered and fully stoichiometric CeO,(111) film prepared on
Cu(111) (see Supporting Information for experimental
details). Vapor deposition of active metals onto this surface
is a standard method to prepare supported model catalysts."”!
However, the deposition of Pt, like other noble metals, on this
surface typically leads to nucleation and growth of extended

www.angewandte.org

10527


http://www.angewandte.org

Angewandte

10528

Communications

NPs.'"” In view of our DFT data, this is not surprising since the
ideal and ordered CeO,(111) surface does not provide the
{100} nanofacets required to trap the metal in the form of
cations. Therefore, we explore a new preparation method: the
simultaneous co-deposition of Ce and Pt in an oxygen
atmosphere (see Supporting Information for experimental
details). Under the applied conditions, Ce is known to form
CeO, NPs. We expect that the Pt should be incorporated into
these particles during their growth and trapped as Pt*" on
their {100} nanofacets. Scanning tunneling microscopy (STM)
studies of these surfaces show the growth of three-dimen-
sional islands with an average diameter of approximately
3nm and a typical height of around 0.4 nm (Figure 2a).
Indeed, some aggregates reveal indications of a faceted shape
which, not surprisingly, suggests epitaxial growth of the CeO,
NPs on the CeO,(111) support. Figure 2b shows a schematic
representation of these NPs. In spite of being terminated
mainly by {111} facets, small {100} nanofacets can also be
exposed, which may then accommodate the atomically
dispersed Pt*".

To explore whether this is really the case, we perform
synchrotron radiation photoelectron spectroscopy (SRPES)
experiments (Figure 2¢). Indeed, we detect no metallic Pt
after deposition at low temperature (110 K), but ionic Pt

c) SRPES - T
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Figure 2. a) STM image obtained from Pt-CeO, nanoparticles grown
on a well-ordered CeO,(111) surface under ultrahigh vacuum condi-
tions followed by annealing to 700 K. White rectangles outline faceted
Pt-CeO, particles. b) Schematic structure model of the model catalyst.
c) Evolution of the Pt-4f core level spectra as a function of annealing
temperature at a nominal Pt-CeO, film thickness of 0.3 nm (photon
energy 180 eV); d) same as in (c) for a nominal Pt-CeO, film thickness
of 1.5 nm. The intensities of Pt-4f spectra are normalized to unity.
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exclusively in the oxidation states +2 and + 4. Upon heating,
the signal for Pt*" rapidly decreases, indicating that the Pt*"
ion is rather unstable (in agreement with DFT calculations,
Figure S1d). The Pt** species, however, behave as predicted
by theory. They reveal exceptional thermal stability up to the
highest temperatures that can be tested on our model surface
(ca. 750 K). Note that the signal for Pt** even increases upon
heating. In view of the fact that the spectra were taken with
maximum surface sensitivity (photoelectron mean free path
ca. 0.5 nm), this increase shows that the Pt*" species are not
lost by bulk diffusion but rather migrate to the very surface of
the CeO, NPs. The critical role of providing the appropriate
surface sites to anchor the Pt is demonstrated by the result of
the second experiment shown in Figure 2d. In this case, we
co-deposit several monolayer equivalents of CeO, and Pt
under otherwise identical conditions. Upon heating, Pt*"
undergoes partial reduction and sinters to metallic NPs.
Apparently, the multilayer film cannot provide a sufficiently
large number of surface {100} nanopockets to anchor all
deposited Pt. Those atoms which are located in the bulk or at
unfavorable facets are bound too weakly to resist sintering to
metallic nanoparticles.

While UHV model experiments impressively demon-
strate the stability of the surface-anchored Pt*" species, these
experiments do not permit the preparation of materials at
a scale large enough for real applications. However, this is
possible by another thin-film deposition technique which is
magnetron sputtering.’”l Although magnetron sputtering is
arather unconventional technique in catalyst preparation, it is
scalable and routinely used in technological processes.
Recently, we have shown that highly porous coatings can be
prepared by magnetron sputtering implying a high application
potential in catalysis.”*! Most interestingly, dispersed Pt-CeO,
composites with any Pt:Ce ratio can be prepared by co-
sputtering, in direct analogy to the model catalysts discussed
above. We have also demonstrated the promising properties
of the Pt-CeQ, coating as electrocatalysts in proton exchange
membrane fuel-cell technology, specifically their superior
noble metal efficiency.’**! Recently we compared Pt-CeO,
anodes with different Pt loadings between 0 and 10 pg Pt/cm?
(see Supporting Information) The highest performance was
shown for the catalyst with 2 pg Pt/cm? which contained Pt*"
ions only. For higher loading, Pt was in both the Pt*" and the
Pt’ state and the performance of the catalyst was lower
(Supporting Information, Figure S5). Even though the
detailed reaction mechanisms could not yet be identified,
our study clearly demonstrates that the Pt-CeO, electro-
catalysts are extraordinarily active when only ionic platinum
is present.

Herein, we prepare Pt-CeO, nanomaterials by co-sputter-
ing onto graphite foil and characterize these materials by
SRPES and high-resolution transmission electron microscopy
(HRTEM, Figure 3). Indeed, SRPES reveals Pt in the
oxidation states +2 and +4, as for the model catalysts.
Note that spectra were again taken at low photon energy
(180 eV), that is, with high surface sensitivity. Comparison
with bulk-sensitive hard X-ray photoelectron spectra
(HAXPES) indeed suggests that the Pt*" species are prefer-
entially located at the surface.””
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Figure 3. a) HRTEM image of Pt-CeO, particle chipped from a surface
of 4% Pt-CeO, film prepared by magnetron sputtering. The arrows
indicate {100} nanofacets; b) Pt-4f core level spectrum obtained from
a Pt-CeO, nanoparticle film prepared by magnetron sputtering (photon
energy 180 eV); c) model of a section of the Pt-CeO, particle illustrat-
ing the {100} nanofacets and the anchoring sites for Pt*".

Can we locate the {100} nanofacets on these materials
where the Pt*" species are anchored? A HRTEM image of
a nanoparticle chipped from the surface of the 4% Pt-CeO,
catalyst is shown in Figure 3 a. The image corresponds to a Pt-
CeQ, particle, characterized by intersecting {111} and {100}
CeO, crystal planes.

Apparently, the particle is decorated by a large number of
small {100} terraces. Figure 3¢ shows a structure model of
these facets and their alignment. These {100} nanofacets
feature the square O, nanopockets that are required to anchor
the Pt*" centers. It is likely that the high adsorption energy of
the anchored Pt*" acts as an additional driving force to
stabilize the {100} nanofacets during growth, thus contributing
to the high density of these favorable structure elements on
the Pt-CeO, NPs.

In conclusion, we have addressed the question how to use
Pt, the most versatile and the most valuable noble metal in
catalysis, with maximum possible efficiency. The strategy is
simple: In our ideal material the noble metal must be
atomically dispersed and located within the outermost surface
layer only. In a catalytic reaction on such a material, every
single Pt atom would then be accessible to the reactants. The
challenge is to design a support material that stabilizes the
atomically dispersed surface Pt species under reaction con-
ditions. By means of DFT modeling we identify a structural
element on nanostructured ceria which holds the potential to
build such a material. It is a Pt*" ion located inside a square
pocket of O*” ions at a {100} nanofacet of CeO,. For this
structural unit, theory predicts the adsorption energy of the
dispersed Pt to be large enough to withstand thermally
induced aggregation to metallic nanoparticles and loss of Pt
by diffusion into the ceria bulk. Once prepared, the surface-
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anchored Pt** should be stable, even under harsh conditions.
In well-controlled surface-science experiments, we have
prepared model systems for the nanostructured ceria with
surface-anchored Pt**. On this model we show that the Pt*" is
indeed located at the very surface and remains perfectly
stable up to high temperature without reduction, sintering, or
bulk diffusion. To bring this result closer to applications, we
have prepared CeO, nanomaterials with atomically dispersed
Pt by magnetron sputtering. The Pt-CeO, nanomaterials
reveal ionic Pt*" surface species, very similar to those in the
model experiments. By high resolution electron microscopy,
we have identified the highly abundant CeO,{100} nanofacets
on these materials which host the anchored Pt*" species. Our
on-going fuel-cell tests using anode catalysts based on these
Pt-CeO, nanomaterials show very high performance when Pt
is present exclusively in the 2 + state.

Our study shows how atomic-level insights help to design
noble-metal-efficient materials on a knowledge-driven basis.
Materials such as the atomically dispersed Pt-CeO,, may play
a key role in reducing the demand for critical materials in
future applications.
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