Supported Metal Nanoparticle Catalysts and Electrocatalysts: Correlating Structure with
Function through Energetics

Nanoparticles of late transition metals are used as catalysts and electrocatalysts for
industrial chemical reactions that produce fuels, convert them to electricity and clean up pollution
associated with the generation and use of fuels. For such applications, they usually are bonded
onto the surfaces of oxide or carbon support materials. To provide the energy needed for sustained
economic development, we must develop new and improved solid catalysts and electrocatalysts
for a variety of reactions that take better advantage of traditional and alternate energy sources
(solar, wind, biomass or nuclear) and avoid serious environmental problems.

We propose here an experimental research program aimed to provide the basic
understanding needed to develop new and improved catalysts and electrocatalysts for a variety of
reactions that involve nanoparticles of late transition metals supported on oxide and carbon
materials. Specifically, we will study well-defined model catalysts consisting of metal and
bimetallic nanoparticles supported on single-crystalline oxide, mixed-oxide and carbon surfaces,
structurally characterized using a variety of ultrahigh vacuum surface science techniques. We will
use calorimetry techniques invented here and available nowhere else in the world to measure the
energies of the metal atoms in these particles, the metal/support adhesion energies and the energy
of adsorbed intermediates on these particles.

Our prior results showed that the chemical potential of the metal atoms in the particles,
which we measure directly by metal adsorption calorimetry, is an important descriptor for catalytic
performance. For particles smaller than 6 nm, it depends strongly on their size and the nature of
the oxide or carbon support upon which the particles sit, and correlates with their catalytic
performance (resistance to sintering, bond energies to adsorbed catalytic reaction intermediates,
catalytic activity and selectivity). Our prior results led us to a quantitative relationship that
accurately predicts metal chemical potential versus particle size and the metal / support adhesion
energy (Eadn). Thus, knowing how Eagn varies with the metal and support material is crucial to
predicting metal chemical potential for different catalyst materials, and thus their catalytic
performance. We also discovered how to predict Eaan for different metals on a given oxide support,
once Eagn is known for one metal.

We propose to refine these relationships, extending them to other oxides and carbon
supports, thus enabling predictions of adhesion energies for new metal/support combinations
without measurement. We will also measure quantitative relationships between metal chemical
potential and catalytic properties for metals in model structures where their chemical potential is
tuned by independently varying the particle size and the support strength, and by alloying with
other metals. We will correlate this tuned chemical potential with (1) calorimetrically-measured
adsorption energies of two important and ubiquitous adsorbed catalytic intermediates (-CH3, -
OCH3) on these nanoparticles, and (2) their sintering rates. We will also measure the adsorption
energies of metal monomers on these supports, which are crucial parameters in kinetic models for
sintering rates.

The proposed work will provide the basic understanding needed to develop better catalyst
materials for clean, sustainable energy technologies. These measured energies will also provide
key benchmarks (that cannot be provided by any other laboratory, nor by any theoretical methods
currently available) needed for developing more accurate computational tools for heterogeneous
catalysis and surface science. A marked improvement is such computational tools would
revolutionize research in many areas.



I. Introduction

Nanoparticles of late transition metals dispersed across support materials form the basis for
a wide variety of catalysts, electrocatalysts and photocatalysts that are either currently used
industrially for energy, chemical and environmental technologies, or hold promise for such
applications in the future. It is well known that the rates (per surface metal atom) and selectivities
of catalytic, electrocatalytic and photocatalytic reactions often depend strongly upon both the
particle size and the nature of the material upon which they are supported, especially when the
particles are smaller than ~6 nm in diameter.!"!” A holy grail of catalysis research is to understand,
at a predictive level, how particle size and support affect activity and selectivity for a given
catalytic metal. A common problem with such catalysts is that they deactivate with time-on-stream
by sintering (also called coarsening), whereby the particles increase in average size and diminish
in number. Another major goal of catalysis research is to be able to predict how catalyst structure
can be altered to enhance sintering resistance.[P12]

We have recently proven that both catalytic reactivity and the rate of catalyst sintering
correlate strongly with the chemical potential of the metal atoms in these supported metal
particles.'®?2[P2,P6,P12] The definition of “chemical potential” underlies the reason for using
these particular words to describe this highly important thermodynamic property: It describes the
potential of a given species (in this case, metal atoms) to do chemistry. The higher its chemical
potential, the less stable and thus the more reactive it is. In terms of “higher reactivity” for metal
atoms, we refer here both to their strength of adsorption of small molecules and their rate of
deactivation by sintering. Thus, metal chemical potential is one very important descriptor for
understanding and even predicting catalytic performance.

Let us consider first sintering rates, where the relationship to metal chemical potential is
already quantitatively established. The loss of activity over long time due to sintering is a huge
problem in catalysis,?>?° so there has been much work in developing models that predict the rate
of sintering. The goal is to be able to predict particle sizes at the long times needed for industrial
applications (~1 year) based on short-term measurements of size versus time.?"**° In general, the
sintering rates of individual particles has been shown to increase with n(R), the chemical potential
of metal atoms in that particle, which itself is a function of the particle radius R (or “effective
radius” for particles that are not partial spheres, defined such that the particle’s volume equals that
for a hemisphere of that radius). Here we define the reference state of zero chemical potential such
that W(R) is the chemical potential relative to that for an infinitely large particle of the same metal
(i.e., for bulk metal(solid)). As an example of a sintering rate equation, we developed a model for
sintering rates 2'*?2 that is based on an atomistic mechanism originally developed by Wynblatt and
Gjostein *!. When Ostwald ripening is the dominant mechanism, the radius of any given particle
at any time changes with a rate ! %
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where K and Ei are system-dependent constants, and R* is the equilibrium radius for the
concentration of diffusing monomers at that time. This concentration is determined by the entire
size distribution of particles. Particles with R < R* (radius smaller than this critical radius) get
smaller with time, and those with R > R* get larger. The rates at which this happens for a given
radius is a very strong function of (R) in a way very similar to it making a negative contribution
to the activation energy 2?2, The higher p(R) is for a small particle, the faster it gets smaller. Our
more recent measurements of chemical potentials of metals on more strongly interacting supports



like CeO; (where p(R) is lower for a given R) and their comparisons to sintering rates have further
verified the validity of this rate expression.!®-*?

This rate expression was derived assuming that monomer detachment from the particle is
rate determining. The values Ei and K are combinations of prefactors and energies for elementary
atom-migration steps. They depend on fundamental properties of the metal and the support, such
as the energy difference between a metal atom when it is an isolated monomer on the support
surface versus when present in a metal particle of infinite size. The sintering kinetic model in *!"
22 was further improved by Datye’s group®? by improving the way u(R*) is calculated.

The factor e*®*T in Eq. (1) also appears in a variety of other rate expressions for sintering
kinetics derived assuming different elementary steps control the rate instead. 2! Other kinetic
models for sintering mechanisms are required when the rate is dominated by particle diffusion /
agglomeration instead of Ostwald ripening, and that mechanism sometimes dominates under
certain conditions.[P12] This factor e*®T also appears directly in the rate expression for sintering
by that alternate mechanism, at least in some derivations based on an atomistic mechanism.?!

A consequence of metal chemical potential that is even more important than its effect on
sintering rates is its effect on the reactivity of supported nanoparticles in their interactions with
gases, e.g., when binding adsorbed catalytic reaction intermediates. We have pointed out, with
numerous examples, that the same metal atoms will bind small adsorbates more strongly when
they are in a structure with high chemical potential, and more weakly when in a structure with
lower chemical potential.'® !°3* Thus, when present in the form of tiny (1-2 nm effective diameter)
nanoparticles, where the metal chemical potential is very high,'® 1% 3% they bind small adsorbates
more strongly than large particles or bulk metal.!® 1%3% 35 For example, oxygen adatoms bind to
~1 nm Au nanoparticles on TiO2(110) so strongly that the activation energy for their desorption as
02 is ~50 kJ/mol O (~40%) higher than from bulk Au single crystal surfaces °. The dominant
effect here is associated with the fact that the surface metal atoms are more coordinatively-
unsaturated on smaller particles, as investigated in detail by DFT on unsupported Au and Pt
clusters from 13 to 1415 atoms, or ~0.7—3.6 nm in diameter,*® *” which is the same reason step
edges usually bind small adsorbates more strongly than close-packed terraces. Conversely, when
metal atoms are present in certain bimetallic surfaces where they are more stable (i.e., have lower
chemical potential) than in the pure bulk metal (e.g., when combined with other metals with which
they make highly exothermic alloys), they bind adsorbates more weakly than the surface of the
pure bulk metal.!® - 3% 3% For example, for a Pd monolayer on Ta(110), the isosteric heat of
adsorption of CO is smaller than on pure Pd(111) by ~63 kJ/mol (~40%), and the TPD peak for
adsorbed CO is shifted by more than 200 K to lower temperature *3. Rodriguez and Goodman*’
showed that for seven such metal-on-metal systems involving Pd and Ni monolayers, the more
stable the Ni or Pd monolayer (as estimated by its peak temperature in temperature programmed
desorption (TPD) from the underlying metals), the more weakly it adsorbs CO (as estimated by
the CO TPD peak temperature). Recent DFT calculations by Abild-Petersen’s group have shown
a similar trend for later transition metal atoms in metal surfaces: the higher the energy cost to
remove that metal atom from the solid, the more weakly it bonds -OH and —CH3 groups.*! It is
clear that the thermodynamic stability of metal atoms correlates in many systems with their
chemical reactivity: The higher the metal’s chemical potential, the more strongly it bonds small
adsorbates. (This is true in chemisorption, but likely to break down when van der Waals
interactions dominate the adsorption energy rather than usual chemisorption bonds, since larger
metal particles should have higher polarizability.)



1t is clear that metal chemical potential is a powerful descriptor for catalytic performance,
whether with regards to the catalyst’s chemical reactivity or its long-term resistance to
deactivation by sintering. Thus, there is strong motivation to develop predictive ability in
estimating metal chemical potential in catalyst nanostructures. This goes hand-in-hand with the
goal of developing a fundamental understanding of such oxide- and carbon-supported metal
catalysts, in particular the relationships amongst the atomic-level structural properties of these
complex nanomaterials and their catalytic performance properties, namely activity, selectivity and
long-term stability under reaction conditions. We propose an experimental research program that
will provide a basic understanding of these relationships, particularly by developing quantitative
relationships between the key structural properties of the catalyst material (i.e., metal nanoparticle
size, chemical composition of the support material, particle-particle separation) and the
calorimetrically-measured stability (or chemical potential) of the metal atoms in the particles. We
will then develop more quantitative correlations between this chemical potential and the catalytic
performance properties of these materials.

We will study model catalysts which are structurally very well defined, consisting of size-
controlled metal and bimetallic nanoparticles on clean surfaces of single-crystalline oxide and
carbon supports. We bring to this our unique abilities for calorimetric measurements on such
model catalysts, which provide both the energies of the surface metal atoms that make up the
catalyst material itself and the strength with which they bond adsorbed intermediates.

Our proposed experiments are designed to first clarify the structural factors that control the
chemical potential of catalytic metal atoms in supported nanoparticles. Our recent calorimetry
measurements under this DOE grant have proven that for monometallic particles, this chemical
potential increases very strongly with decreasing particle diameter (D) below ~6 nm. An example
for Ag on slightly reduced CeO(111) is shown in Fig. 1. The magnitude of the change is huge
(~80 kJ/mol), and thus it has dramatic consequences for catalytic performance, as described above.
We first derived a Gibbs-Thomson-like relation proving that the chemical potential of metal atoms
in a large hemispherical particle of diameter D on support material A differs from that in the bulk
of the metal by:[P2]

(D) = (3Ym — Eaan)(2Vm / D), (1)
where ym is the surface energy of the bulk metal, Eaqn is the adhesion energy at the bulk metal /
oxide interface, and Vi is the molar volume of the bulk metal. By comparing to our calorimetric
measurements of metal atom chemical potential on oxide-supported metal nanoparticles as a
function of particle size for five different metal / oxide combinations, we found that our measured
chemical potential exceeds that predicted bt Eq. (1) when the particles get smaller than ~5 nm, and
especially below 2 nm (see Fig. 1). For late transition metals on all the oxides studied, we showed
a very good fit to the measured values for particles down to only a few atoms by a modified version
of Eq. (1):[P6]

(D) = [(3ym — Eaan)(1 + Do/D)](2Vm / D), (2)
where D, is a constant for all systems equal to ~1.5 nm. The added factor (1 + Do/D) is an empirical
correction that accounts for the fact that both the metal’s surface energy and Eaqn increase rather
strongly with decreasing size when D drops below 5 nm. The surface energy increases due to the
increasing fraction of coordinatively-unsaturated surface metal atoms (e.g., step, kink and corner
sites).?[P6] An example of the high quality of fit is shown in Fig. 1.
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Since ym and Vi, are well known for all late transition
metals, all one needs to know to gain predictive ability for the chemical potential versus particle
size for a given support is E.an. Thus, there is great motivation to learn what factors control
metal/support adhesion energies. Knowing these becomes even more important when one
recognizes that Eaqn also determines the equilibrium shape of the metal particle,'® and shape also
effects catalytic activity and selectivity.*>** We therefore propose to continue our systematic study
of the factors that control Eaqn and the metal’s chemical potential versus particle size, using the
same calorimetric method as we have used in Fig. 1.

As shown in Fig. 2, on the basis of such calorimetric measurements, we have proven that,
for a given oxide surface, Eqan increases linearly from metal to metal with increasing magnitude
of the heat of formation of the most stable oxide of the metal from metal gas plus O>, per mole of
metal (i.e., AHsu,M-AHfrMmox, where AHgup,m 1s the metal’s heat of sublimation and AHgmox 1s the
standard heat of formation of the most stable bulk oxide of that metal, per mole of metal). This
factor is what we proposed as a convenient descriptor of the oxophilicity of the gaseous metal
atom, since it directly reflects the strength of the chemical bonds this metal atom can make to
oxygen. It is divided by Vm?? (where and Vi is the volume per mole in the bulk metal solid) to
convert this energy from “per mole” to “per unit area”, i.e., the units of Eaan. Importantly, we had
published this correlation earlier,[P2] but have added here our new (unpublished) points for Ni.
This is the most oxophilic metal studied, so these Ni points are the ones farthest to the right. That
these new Ni points fit so closely to the lines extrapolated from our earlier correlation provides a
strong proof that this linear scaling relation actually has predictive ability even well outside the
range where we first developed it. Indeed, proving this was one of our motivations for studying
Ni on these two oxides, as stated in our proposal three years ago.
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This is by far the most extensive collection of adhesion energies ever reported for clean
metal/oxide interfaces. This correlation proves that metal-oxygen bonds dominate interfacial
bonding. This is consistent with density-functional theory (DFT) calculations of isolated metal
adatoms, which show they bind most strongly to oxygen anion sites of these oxide surfaces (when
no vacancies are present)'® 4>46_ For the two different stoichiometric oxide surfaces studied with
multiple different metals in Fig. 2 (MgO(100) and CeO»(111)), the slopes of their correlations (i.e.,
metal adhesion energy vs oxophilicity) are nearly the same, but their offsets are very different
(CeOa(111) > MgO(100) by 2 J/m?). This suggests that the slope is nearly independent of oxide.
We propose below to further confirm this constant slope with measurements on other oxides. If
verified, it will allow estimations of adhesion energies for many metals on a given oxide based on
measurement of only one metal, as suggested by the dashed line in Fig. 2 for a-Al203(0001) based
on a single measurement on Cu.

Even before these new points in Fig. 2, the power of this linear scaling we discovered was
recognized by the community and extended. For example, O’Connor et al.*’” showed that the DFT-
calculated adsorption energies of 12 different transition metals as isolated adatoms on MgO(100),
CeOx(111), CeO2(110), TiO2(011), ZnO(100), TbO2(111) and a -Al>O3(0001) also scale linearly
with (AHsum-AHgmox), and cited our prior DOE work for introducing this as the appropriate
descriptor.

The offsets of the lines in Fig. 2 show that, for a given metal, its adhesion energies to
different oxides (i.e., the offset between lines in Fig. 2) are quite different. We have been unable
to fully explain these differences, in spite of finding a rough correlation.[P6-7] Our new data point
for Ag on rutile-TiO2(100) in Fig. 2 (also not yet published) is well above the point for Au on
rutile-TiO2(110), suggesting that the adhesion energy line for the (100) face of rutile is higher than
that for its (110) face. This can be qualitatively explained by the proposal we made previously
[P6-7] that Eaan increases in proportion to the number of coordinatively-unsaturated surface O
anions per unit area (which is 40% higher on the (100) face), and thus adds support to that proposal.
That proposal was based on our demonstration that the interfacial bonding is mainly between metal
atoms of the metal nanoparticle and surface O atoms of the oxide (to explain the lines in Fig. 2, as
noted above).



We propose experiments designed to further clarify how these adhesion energy trend lines
in Fig. 2 vary between different oxide surfaces for the same metal.
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Figure 3. (a) Integral heats of Ni adsorption (per mole of Ni atoms) on CeO>(111) terraces at 100
K, and (b) cumulative number of electrons donated to ceria per Ni atom, both as function of the
number of Ni atoms in the Ni, clusters. The DFT heats are shifted down by 88 kJ/mol to correct
for systematic errors in DFT energies. For n > 20, the Ni, aggregates in DFT correspond to
continuous 1D Ni islands (“stripes”), so they are really infinitely larger than indicated on the x
axis, which lists the Ni atoms per unit cell for these stripes (open circles). The experimental
differential heats further increase to 390 kJ/mol by 3 nm diameter and to the heat of bulk Ni
sublimation (430 kJ/mol) for the largest particles (not shown).
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