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CONSPECTUS: The objective of the research described in this
Account is the development of high-throughput computational-
based screening methods for discovery of catalyst candidates
and subsequent experimental validation using appropriate
catalytic nanoparticles. Dendrimer-encapsulated nanoparticles
(DENs), which are well-defined 1-2 nm diameter metal
nanoparticles, fulfill the role of model electrocatalysts.
Effective comparison of theory and experiment requires that
the theoretical and experimental models map onto one
another perfectly. We use novel synthetic methods, advanced
characterization techniques, and density functional theory
(DFT) calculations to approach this ideal. For example, well-
defined core@shell DENs can be synthesized by electrochemical underpotential deposition (UPD), and the observed deposition
potentials can be compared to those calculated by DFT. Theory is also used to learn more about structure than can be
determined by analytical characterization alone. For example, density functional theory molecular dynamics (DFT-MD) was used
to show that the core@shell configuration of Au@Pt DENs undergoes a surface reconstruction that dramatically affects its
electrocatalytic properties. A separate PdA@Pt DENs study also revealed reorganization, in this case a core—shell inversion to a
Pt@Pd structure. Understanding these types of structural changes is critical to building correlations between structure and
catalytic function.

Indeed, the second principal focus of the work described here is correlating structure and catalytic function through the
combined use of theory and experiment. For example, the Au@Pt DENs system described earlier is used for the oxygen
reduction reaction (ORR) as well as for the electro-oxidation of formic acid. The surface reorganization predicted by theory
enhances our understanding of the catalytic measurements. In the case of formic acid oxidation, the deformed nanoparticle
structure leads to reduced CO binding energy and therefore improved oxidation activity. The final catalytic study we present is an
instance of theory correctly predicting (in advance of the experiments) the structure of an effective DEN electrocatalyst.
Specifically, DFT was used to determine the optimal composition of the alloy-core in AuPd@Pt DENs for the ORR. This
prediction was subsequently confirmed experimentally. This study highlights the major theme of our research: the progression of
using theory to rationalize experimental results to the more advanced goal of using theory to predict catalyst function a priori. We
still have a long way to go before theory will be the principal means of catalyst discovery, but this Account begins to shed some
light on the path that may lead in that direction.
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B INTRODUCTION

Experimental control of catalyst structure is a prerequisite for

An emerging strategy for discovering the next generation of
catalysts involves utilizing high-level computational methods to
predict and screen structure/function relationships. This is
due in large part to rapidly advancing computational speed and
accessibility. However, a key element in the computational
paradigm is the need for well-defined experimental models
against which theoretical approaches can be validated. Here, we
discuss innovative methods we, and others, have been using to
connect theoretical and experimental methods into an integrated
research program. If this connection can be made sufficiently
efficient and robust, then we envision that catalyst discovery and
optimization will be accelerated.
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effective comparison of theory and experiment. The simplest
model system is a perfect, infinite single crystal, and materials
approaching this ideal have been profitably studied for many
yea‘rs.l_6 Usually, however, nanoparticle models are more closely
related to real catalytic systems, and hence, there has been much
emphasis in recent years on developing a better understanding of
their properties. One approach to this problem has been to focus
on nanoparticles having facets that are sufficiently large that their
catalytic properties approximate bulk, single-crystal surfaces.”
Indeed, this is the basis for the extensive interest in shape-controlled
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nanoparticles, where the facets generally dominate catalytic
behavior.®

As the size of a nanoparticle decreases, however, edge and
corner atoms begin to contribute to its catalytic properties and
deviations from bulk behavior are observed. This type of
behavior is apparent for metal particles having sizes of <3 nm,
but the most interesting size range is from ~1—2 nm. There are
two reasons for this. First, very slight changes to the structure or
composition of particles in this size range, or the addition or
deletion of a few atoms, can have a dramatic effect on catalysis.
Second, particles that contain 30—300 atoms are large enough to
effectively characterize but small enough to be analyzed in their
entirety using first-principles theory. Of course, there are also
problems. For example, such small particles are often unstable
and even if they are stable, their native structure may be altered
during catalytic reactions. This means that experimental charac-
terization is difficult and best carried out in situ. Additionally,
direct comparison of theory and experiment implies that all
nanoparticles in an ensemble are uniform, and this ideal situation
can only be approximated, to a greater or lesser extent, at the
present time.

One established approach for predicting catalyst activity is
through the use of a single thermodynamic descriptor, which acts
as a proxy for reaction rate. For example, in the case of the oxygen
reduction reaction (ORR), a complex multistep reaction can be
represented by the binding energy of atomic oxygen on a metal
surface.” Within this formalism, there is an ideal binding energy
that balances the energy of dissociative adsorption of molecular
oxygen and desorption of products. The best candidates are
found to have an intermediate oxygen binding energy, resultin%
in a “volcano”-shaped plot of activity versus binding energy.'
This same general strategy has been employed for reactions such
as water oxidation'"'” (OH binding energy), methanol
oxidation'> (CO and OH binding energies), and hydrogen
evolution'* (H binding energy). On a bulk surface, this treatment
is relatively simple because of the uniformity of the surface
structure, but the same approach can be applied to nanoparticles
on which a greater variety of binding sites are present. Of the
many unique sites on nanoparticles, the most catalytically active
can be determined by calculating and comparing the binding
energies of the model reaction intermediate or product on each
distinctive surface location.

As alluded to earlier, a principal difficulty inherent to corre-
lating experimental catalytic measurements to theory is the poly-
disperse nature of nanoparticles. There are only three possible
solutions to this problem: (1) develop synthetic methods that
result in uniform distributions of particle size, composition, and
structure; (2) develop theory and calculations that are able to
take into account polydispersity; (3) develop methods for
carrying out catalytic measurements on just one, or perhaps a
tew, well-defined nanoparticles. There are significant problems
associated with all of these approaches, but some progress has
been made. For example, mass-selected particle syntheses result
in very good mass uniformity."> Likewise, a few studies have been
reported involving catalytic measurements on single particles,
but the particles are typically rather large and it has not been
possible to correlate catalytic rates with nanoparticle struc-
ture.'®!” In addition to the problem of polydispersity, there is
another difficulty associated with understanding the catalytic
properties of 1—2 nm particles: some kind of capping ligand is
required to control growth and minimize agglomeration. Such
ligands affect nanoparticle electronic properties, reactant access
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to surface atoms, and in many cases composition and structure as
well.

To begin to address some of the aforementioned problems, we
developed a class of materials known as dendrimer-encapsulated
nanoparticles (DENs).'®*>* DENs are nearly monodisperse
nanoparticles with tunable sizes (from just a few atoms*>** to
~300 atoms) and compositions.”*">* DENSs in the size range
of ~0.8 to ~2.2 nm are large enough to be characterized
experimentally and tested for their catalytic properties, but also
small enough to be modeled by ab initio density functional
theory (DFT) calculations. The results of nanoparticle character-
ization and catalytic testing can then be incorporated into
the development of more accurate models for the theoretical
prediction of nanoparticle structure and activity. This iterative
process, summarized by the Conspectus graphic, leads to
refinement of the theory and the prediction of better nano-
particle electrocatalyst candidates. This in turn leads to the next
generation of more active electrocatalysts that can be used for a
wide variety of applications.

B STRUCTURE DETERMINATION

Dendrimer-Encapsulated Nanoparticles

DENSs begin to provide a solution to some of the problems
mentioned in the previous section. As shown in Figure 1a, DENs

a
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Figure 1. (a) General DENs synthesis scheme. (b) STEM image of a
Auy,; DEN and (c) size-distribution histogram of Au,,, DENs. Adapted
with permission from ref 58. Copyright 2013 The Royal Society of
Chemistry.

are synthesized using a two-step templating method. First,
metal ions are complexed to the interior of poly(amidoamine)
(PAMAM) dendrimers. Second, a reducing agent is added which
results in formation of a zerovalent metal nanoparticle that is
sterically trapped within the dendrimer interior. This method
leads to nanoparticles having an average size controlled by the
metal-ion-to-dendrimer ratio present in the precursor solution. A
representative aberration-corrected scanning transmission elec-
tron microscopy (ac-STEM) image of a Au,,; DEN prepared
within a sixth-generation, amine-terminated PAMAM dendrimer
(G6-NH,) is shown in Figure 1b, and a typical size-distribution
histogram is presented in Figure 1c. In addition to its templating
function, a second important aspect of the dendrimer is that it
provides a scaffold for immobilization of DENs on surfaces, such
as electrodes,” and also prevents direct contact between the
surface and the encapsulated nanoparticles. The latter point is
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important when comparing experimental and theoretical
findings, because support interactions introduce an additional
level of complexity.

While the small size of DENS is an advantage for applying ab
initio DFT calculations, it introduces the challenge of precisely
characterizing nanoparticle structure. Common nanoparticle
characterization techniques, such as X-ray diffraction (XRD), are
more difficult to use and interpret than for nanoparticles just
1 nm larger. For example, XRD analysis requires a synchrotron
source and pair distribution function (PDF) analysis.>**” Normal
high-resolution transmission electron microscopy (TEM) is
helpful, but ac-STEM yields far better resolution which is important
for 1—2 nm particles.

More routine analytical methods also provide important
information about DENs. For example, UV—vis spectroscopy is a
good probe of specific interactions between metal ions and
functional groups within the dendrimer (i.e., the DEN precursor),
and it also provides some useful information about the DENs
themselves. Electrochemistry also yields information about the
identity of metals on the surface of DENs; for examgle, the
presence of hydride waves can be correlated to Pt atoms.*® More
importantly, however, electrochemical measurements make it
possible to directly measure electrocatalytic onset potentials and
rates for comparison to theory.”” While these routine techniques
contribute to our understanding of DEN structure, an atomic-level
understanding is best achieved using extended X-ray absorption
fine structure (EXAFS) spectroscopy, which provides information
about the local structure of nanoparticles.g’o’31 EXAFS is, however,
an averaging technique, so a high degree of monodispersity in
size and composition is a prerequisite for deriving meaningful
conclusions.>* DENs meet these criteria, but as for XRD-PDF,
synchrotron radiation and data fitting are necessary for obtaining
EXAFS results.

DEN Shape Determination

Determining the overall shape of 1—2 nm particles using only
experimental methods is difficult, but by including first-principles
calculations in the analysis it is possible to draw definitive
conclusions. For example, in one study from our groups,® three
different polyhedral models for DEN shape were considered:
cuboctahedron, truncated octahedron, and icosahedron. A simul-
taneous optimization was carried out for 147-atom Pt DENs by
considering the goodness of fit to experimental PDFs as well
as the nanoparticle energy from DFT. The goal of this type of
optimization is to determine the nanoparticle structure that
balances the minimization of the DFT energy while reducing
the error between the experimental and theoretical PDFs. By
introducing energy into the optimization problem, physically
unreasonable structures that otherwise reproduce the exper-
imental PDF can be discarded. Pareto optimal surfaces were
generated that considered different weightings of the importance
of reproducing the experimental PDF versus the theoretical DFT
energy. The PDF analysis shows that face-centered cubic (FCC)
structures (cuboctahedron and truncated octahedron) better
reproduce the experimental results than an icosahedral structure,
which is not FCC packed. When considering the energy of the
structures calculated from DFT, the truncated octahedron
shape was approximately 0.06 eV/atom lower in energy than
the cuboctahedron, meaning it is the most likely shape. The
important point is that this conclusion could not have been
reached without a combined experimental/theoretical approach
where the DFT energy was used to differentiate the cubo-
ctahedron and truncated octahedron shapes.
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Core@Shell DENs

Core@shell nanoparticles have received much recent attention
due to their tunable properties and efficient utilization of
the surface metal for catalysis.>* Because of their structural
uniformity and accessible surfaces, DENs are a useful construct
for combining theory and experiment to better understand this
important family of relatively complex materials. Accordingly, we
discuss core@shell DENs next.

One method for preparing core@shell DENs involves the
following two steps: (1) formation of the core using the approach
shown in Figure la; and (2) immobilization of the core DENs
onto an electrode surface followed by underpotential deposition
(UPD) of a single atomic layer of a second metal. UPD is a
process by which the depositing metal has a more favorable inter-
action with the substrate metal than it does with itself, leading to
a lower electrodeposition potential for the first monolayer than
for subsequent layers.” Importantly, the fact that UPD proceeds
on electrode-immobilized DENS is a clear indication that the
nanoparticle surface is easily accessible to solution species and
that electron transfer between DENs and the electrode is
unhindered.***® Once the UPD layer is deposited, the core@
shell nanoparticle is ready for characterization and electro-
catalytic measurements. However, some shell metals cannot be
deposited directly because they do not undergo UPD onto the
core metal. In this case, it is necessary to displace a sacrificial
shell metal with a more noble metal by galvanic exchange.®”
Importantly, galvanic exchange is a self-limiting process, so it is
generally assumed that after galvanic replacement the geometry
of the new shell is similar to the original UPD shell.**

To demonstrate the robustness of our combined experimental
and theoretical treatment of the structure of core@shell DENs,
we examined Pb UPD onto Au,,, DENs.* Figure 2a shows cyclic
voltammograms (CVs) for UPD of Pb** onto Au DENS. Pb is
deposited onto the surface of the Au;,;, DEN cores as the
potential is swept in the negative direction, and then it is removed
when the potential is reversed. Following these experiments, the
experimentally determined potentials of the peaks for the UPD
of Pb were compared to potentials calculated by DFT. The red
bars in Figure 2a represent the calculated potentials of Pb depo-
sition on the Au cores while the blue bars show the calculated
potentials of Pb monolayer oxidation. To establish an appro-
priate potential scale for the DFT results, the calculated energy
for bulk deposition of Pb was assumed to be the same as the
experimentally determined potential for multilayer deposition of
bulk Pb onto the DEN core. The calculations revealed that Pb
deposits on the Au (100) facets of the particles first, and then
onto the (111) facets. Using currently available analytical tools,
it would be impossible to draw this conclusion without these
complementary calculations.

Structural Rearrangement of Core@Shell DENs

In addition to the heterogeneous electrochemical method
discussed in the previous section, it is also possible to prepare
core@shell DENs by a homogeneous chemical route. As we have
learned, however, there are sometimes surprising and unexpected
outcomes using this approach. In one case, we attempted to
prepare Pd,,;@Pt,¢, DENSs using the following steps (Figure 3):
(1) prepare a Pdy,; core using the usual method; (2) add a
hydride layer on the surface by bubbling H, gas into an aqueous
solution of the Pd,,; DENS; (3) use galvanic exchange to replace
the hydride layer with Cu; (4) use galvanic exchange a second
time to convert the Cu shell layer to Pt. Interestingly, this
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Figure 2. (a) CV showing the Pb UPD process at a Au,,; DEN-modified
glassy carbon electrode. DFT-calculated potentials for Pb deposition
(red bars) and stripping (blue bars) are also shown. (b) ORR
polarization curves for the indicated DEN-modified glassy carbon
electrodes. Adapted with permission from ref 39. Copyright 2012 The
Royal Society of Chemistry.
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Figure 3. Synthetic scheme of formation of Pd;,;@Cu;4, and the
subsequent inversion after galvanic exchange of Pt for Cu. Reprinted with
permission from ref 40. Copyright 2013 American Chemical Society.

procedure led to an inverted structure having a Pd shell rather
than the desired Pd@Pt structure.*

DEFT calculations carried out after the experimental analysis
was complete indicated that the inverted Pt;,,@Pd, Pt
nanoparticle is the most thermodynamically stable structure.
More importantly, DFT calculations provided insight into
possible mechanisms for the rearrangement. Specifically, the
segregation energy of the corner sites is the most negative,
implying that Pt atoms in these corner sites have the greatest
tendency to swap with neighboring Pd core atoms. This driving
force at the corners of the particle may help to initiate the
observed structural rearrangement. Another key finding was that
inversion is an emergent property of these very small DENS,
whereas larger (>3.5 nm) Pd@Pt nanoparticles are stable.*"**

B ACTIVITY CORRELATIONS

Au@Pt DENs and the Electrocatalytic Oxygen Reduction
Reaction (ORR)

The galvanic exchange of less noble UPD layers for Pt has been
extensively studied by Adzic and co-workers for bulk surfaces*
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and for nanoparticles having diameters >4 nm.>* In contrast to
these earlier studies, core@shell DENs synthesized by the UPD
method provide a well-defined and smaller experimental model
that can be directly compared to DFT calculations and hence
provide additional insights into their electrocatalytic properties.

For this study we prepared Au@Pt DENs via UPD of a
shell (or partial shell) layer of Pb onto the Au core, followed
by galvanic exchange of Pb for Pt (vide supra). We sought to
understand how different amounts of Pt present on the Au core
affects ORR activity.”® To create the partial Pt shell DENs, Pb
was initially electrodeposited onto only the Au(100) facets of
Auyy, cores by carefully controlling the electrode potential.
DENs having complete shells were synthesized by electro-
depositing Pb onto both the (100) and (111) facets prior to
galvanic exchange.

We hypothesized that the partial Pt-shell catalysts would be
less active for the ORR than DENs covered with a full shell,
because the former would present only Pt(100) on their surface
and Pt(100) is less active for the ORR than Pt(111).***°
Accordingly, we were surprised to find that both the partial and
full Pt shell DENs exhibit nearly the same ORR activity as
determined by the electrochemical measurements shown in
Figure 2b. DFT-MD simulations were used to resolve this
seeming inconsistency. As shown in Figure 2b (insets), these
calculations revealed that the Pt(100) square facets rearrange
into compressed (111) diamond orientations on both the full
and partial shell structures.

Oxygen binding energy calculations were carried out for the
reorganized Pt surfaces to assess their relative catalytic activities.
The results showed that the diamond-shaped facets of the partial
and full Pt shell systems have oxygen binding energies of —1.03
and —1.01 eV, respectively, while for the triangle-shaped facets of
the full Pt shell catalyst it is only —0.7 eV. All of these values
are higher than the binding energy of oxygen to bulk Pt (111),
—1.55 €V, and therefore, they are less effective for breaking the
dioxygen bond. Nevertheless, the nearly identical binding
energies of oxygen on the diamond-shaped facets of the DENS,
and their higher affinity for oxygen compared to the triangular
facets, account for the similarity in activity of the partial and full
Pt shell structures. Due to the small size of DENS, it would be
impossible to use physical methods to characterize the structural
changes that result in the diamond-shaped Pt features shown in
Figure 2b. This is a perfect example, therefore, of how experi-
ments and DFT-MD calculations can be coupled to interpret
emergent experimental results.

Catalytic Oxidation of Formic Acid

The DFT-MD results discussed in the previous section revealed
that Au@Pt DENs undergo a restructuring that renders them
more catalytically active than we anticipated they would be a
priori. This led us to hypothesize that it would be possible to use
DFT-MD calculations to predict, in advance of experiments, how
this restructuring (diamond-shaped facets) would affect a
different reaction. We selected the oxidation of formic acid for
this purpose. Electro-oxidation of formic acid to CO, on Pt
electrocatalysts occurs via two mechanisms simultaneously: (1)
through formation of a reactive intermediate (direct oxidation
pathway), and (2) through formation of adsorbed CO (CO,q4,)
and subsequent oxidation of CO,4 to CO, (indirect oxidation
pathway).*® The indirect pathway is problematic, because it leads
to poisoning of the Pt surface by CO, 4.

DFT-MD calculations showed that the structural deformation
(diamond-shaped facets) of Au, ,;,@Pt DENSs should lead to both
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slower dehydration of HCOOH and weaker binding of CO,g4;.
Both of these effects should improve the catalytic properties of
the catalyst compared to Pt-only DENs. Note that this type of
restructuring does not occur on larger particles. Previous reports
of larger Au@Pt nanoparticle systems attribute the enhancement
in formic acid oxidation to the suppression of CO,4* and
electronic interactions between the core and shell metal. ***°
Figure 4 shows CVs for formic acid (HCOOH) oxidation
using Au,y;, Pty,;, and Au,,;@Pt DEN-modified glassy carbon
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Figure 4. CVs for formic acid oxidation of Au,y;, Pt 4, and Au,,@Pt
DEN-modified glassy carbon electrodes along with optimized structures
for the Pt-only DEN model (Pt,4;) and the deformed partial-shell model
(Au@Pty,,), which is equivalent to Au,,;@Pt;p,. Reprinted with
permission from ref 50. Copyright 2013 American Chemical Society.

electrodes in a 0.10 M HCIO, electrolyte containing 0.10 M
HCOOH. The Au,,;@Pt DENs were made following the
procedure described in the previous section, and therefore, we
anticipated the same sort of restructuring that led to the
diamond-shaped facets. As shown in Figure 4, the onset of
HCOOH oxidation occurs at a lower potential on the Au,,,@Pt
DEN catalysts compared to the Au,,, and Pt;,; DENs. Addi-
tionally, the maximum current density for direct formic acid
oxidation (at ~ —0.21 V) is significantly higher for the Au,,,@Pt
DENs. Most importantly, however, the CO,4, oxidation peak
(~0.2'V) is nearly absent on the Au,,,@Pt as compared to Pt,,,,
indicating that HCOOH is almost exclusively oxidized via the
direct pathway. These experimental results are in full accord with
the DFT calculations alluded to earlier: slower dehydration of
HCOOH and weaker binding of CO,g,. It is these two factors,
then, that account for the enhancement of the direct oxidation
pathway and the lower CO poisoning observed in Figure 4.>°

This study represents a good example (in fact, one of the few
examples) of first-principles calculations making a prediction
about an electrochemical process on a <2 nm catalyst that was
subsequently proven by experiment to be correct. Moreover, the
theoretical results also provide insights into the reaction pathway.
The other important point is that direct experimental verifica-
tion of the subtle structural changes in the DENs would be
impossible. However, by confirming theoretical predictions
about the reaction pathway (e.g, binding energies of reactants
and intermediates) engendered by the restructuring of the DENS,
confidence is gained in the unverifiable structural changes.
This is an important conclusion and emphasizes the utility of
using well-defined model systems that are fully compatible with
first-principles calculations.

Alloy-Core@Shell DENs

Thus far we have shown that experimental electrocatalytic results
can be rationalized with first-principles theory, and that the
inverse is also true: theory can accurately lead experiments.
Now we take this a step further and demonstrate that using even
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more complex catalysts, theory can still lead experiments down
the right path. Specifically, we show here that the relative ORR
activity of alloy-core@shell DENSs of the form Pd, Au, 4 .@Pt is
nearly perfectly predicted by DFT.

The roots of this work are found in our earlier reports of core@
shell and random alloy nanoparticles.>' ~>* We were also inspired
by the work of others who demonstrated that alloy cores can
be used to tune,* and in some cases stabilize,56’57 the catalytic
properties of the shell metal. To begin our study, we constructed
theoretical models consisting of different core metal ratios
(Pd:Au), and then calculated the binding energy of oxygen to
the Pt shell.”” We found that the strength of oxygen binding to
the Pt-shell could be tuned, because Pd weakens oxygen binding
while Au strengthens it. Accordingly, by controlling the ratio of
the two core metals the oxygen binding to the Pt-shell could be
optimized. Indeed, DFT calculations predicted that the peak
activity for the ORR would be achieved at a core ratio of Au:Pd =
0.28:0.72 = 0.39. As shown in Figure S, the optimal measured
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Figure S. Onset potential for the ORR at Pd, Au,_ @Pt DENs measured
by RDVs and plotted as a function of the corresponding oxygen binding
energy calculated by DFT. The dashed line corresponds to the linear fit
of the two branches of the activity volcano. Adapted with permission
from ref 29. Copyright 2013 American Chemical Society.

activity was observed for Pd,oAu;s@Pt DENs (Au:Pd = 0.33).
The close agreement between theory and experiment provides
additional validation of the predictive ability of DFT calculations.

B FUTURE DIRECTIONS

We plan to continue using theoretical methods to predict how
catalyst structure will affect activity. A few specific questions we
hope to address include the following. We now know that the use
of binding energies as surrogate descriptors of activity is a viable
approach for DENSs. Are there other types of descriptors that can
be used for this purpose? Is it possible to use multiple descriptors
to tune reactivity? What is the scope of the alloy-core approach
to tuning reactivity and particle stability? Can we remove the
dendrimer from the DENSs, and thereby invoke and predict
catalytic behavior when the metal catalyst is in direct contract
with the electrode surface? To what extent can we use first-
principles theory to refine the interpretation of X-ray absorption
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spectra?®® How general is the approach of confirming nano-
particle structural changes, which are too small to be directly
observed using analytical methods, by comparing experimentally
measured catalytic activities with those predicted by theory?
Can ligands present on the nanoparticle surface be used to guide
the structure and electronic properties of DENs to enhance
their catalytic properties? Answers to all, or at least some, of these
questions will be reported in due course.
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