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ABSTRACT: A theoretical and experimental study of the electrocatalytic oxidation of high[ 5/ @Pt
CO on PdAu,,_,@Pt dendrimer-encapsulated nanoparticle (DEN) catalysts is 0
presented. These nanoparticles are comprised of a core having an average of 140
atoms and a Pt monolayer shell. The CO oxidation activity trend exhibits an unusual
koppa shape as the number of Pd atoms in the core is varied from 0 to 140.
Calculations based on density functional theory suggest that the koppa-shaped trend
is driven primarily by structural changes that affect the CO binding energy on the
surface. Specifically, a pure Au core leads to deformation of the Pt shell and a
compression of the Pt lattice. In contrast, Pd, from the pure Pd cores, tends to
segregate on the DEN surface, forming an inverted configuration having Pt within the
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core and Pd in the shell. With a small addition of Au, however, the alloy PdAu cores 0 410 8l0 120 160

stabilize the core@shell structures by preventing Au and Pd from escaping to the

particle surface.

ere we report the synthesis and characterization of

Pd,Au,,,_.@Pt core@shell dendrimer-encapsulated
nanoparticles (DENs), and discuss their unusual electro-
catalytic activity toward adsorbed CO oxidation as a function
of the core composition. Specifically, as x in Pd,Au,4_,@Pt is
varied from 0 to 140, a “koppa (M)-shaped” electrocatalytic
activity trend is observed. In other words, the catalytic activity
profile exhibits two rapid decreases at low and high values of x,
and a slow increase at intermediate values. This result is
different from the more common linear- or volcano-shaped
variation in activity.'’ Other unusual catalytic trends have
been reported for bimetallic nanoparticles, but these are nearly
always caused by electronic effects.*” In contrast, density
functional theory (DFT) suggests that the koppa-shaped trend
observed in our system is caused primarily by structural changes
at high and low values of x. This in turn leads to a change in the
CO binding energy on the surface.

Pd,Au,,_,@Pt core@shell DENs were synthesized using a
previously reported three-step procedure (Scheme 1):>'°~'?
(1) formation of the Pd,Au,_, core, (2) underpotential
deposition (UPD) of a Cu shell onto the core, and (3) galvanic
exchange of Pt for the Cu shell. More specifically, in the first
step, x equivalents of K,PdCl, were added to a 2.0 yuM aqueous
solution of sixth-generation, hydroxyl-terminated poly-
(amidoamine) dendrimer (G6-OH). The appropriate number
of equivalents of Pd** were then allowed to complex with G6-
OH for 15 min in a N,-purged aqueous solution. Next, 140 — x
equivalents of HAuCl, were added to the solution, followed by
addition of a 10-fold excess of NaBH, (in 0.30 M NaOH)
within 2 min. This results in reduction of the G6-OH-
(Pd*").(Au™) 49—, precursor to the G6-OH(Pd,Au,,,_,) DEN
core. This DEN core was then immobilized on Vulcan EC-72R
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carbon by sonicating in a solution containing the DENs (2.0
#M) and Vulcan (1.0 mg per 1.0 mL solution) for S min under
N,. A small volume (10.0 L) of the resulting ink was drop cast
onto a freshly polished glassy carbon electrode (GCE) and then
the electrode was dried under mild Ar flow. In Step 2, the Cu
shell was added to the Pd,Au,,,_, core by UPD of a monolayer
of Cu from a 10.0 mL solution containing 5.0 mM CuSO, and
0.10 M HCIO,,. Finally, in Step 3, the Cu UPD shell was
exchanged for Pt by injecting 100.0 yL of a solution containing
10.0 mg of K,PtCl, dissolved in deaerated 0.1 M HCIO, into
the Cu deposition solution. The final product, Pd,Au,,,_@Pt,
and the two intermediates, Pd,Au,4_, and Pd Au,,_.@Cu,
were characterized by transmission electron microscopy
(TEM), electrochemical methods, and DFT.

Figure 1a shows cyclic voltammograms (CVs) of Pd,4, and
Auyy, single-element DENs obtained in 0.10 M HCIO,. The
current densities were calculated using surface areas determined
by Cu UPD experiments.">'* The Pd,;,, DENs exhibit a Pd
oxidation current positive of ~0.1 V, a corresponding PdO,
reduction peak centered at ca. —0.2 V, and a pair of current
excursions corresponding to hydride formation and subsequent
oxidation near the negative potential scan limits. By contrast,
the CV obtained using the Au,,, DEN-modified electrode is
featureless except for the characteristic background capacitance.
The CVs of the PdAu alloy—core DENs (Figure 1b and S1)
reveal features intermediate between the Au;,, and Pd,,
DENs. This trend shows a smooth transition toward the
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Figure 1. CVs of Pd,Au,4,_, DENs supported on Vulcan carbon. The T ~L
CVs were obtained using a glassy carbon working electrode, a N,- ) b ~{\ Pd
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lectrodes h Iso b ted by M t al. fa
electrodes have also been reported by Maroun et al. for x of deAu140-x

macroscopic PdAu alloy electrodes."® This agreement of the
trends in CVs suggests a random alloy configuration of this
group of alloy DENs, which is also consistent with our previous
studies using extended X-ray absorption fine structure
(EXAFS) spectroscopy.'®"”

Pd,Au 4_.@Cu DENs were prepared by UPD of a
monolayer of Cu on a PdAu_, core, and then they were
studied by voltammetry. Cu electrodeposition was carried out
by holding the potential of the Pd.Au,_, DEN-modified
electrode at —0.40 V (slightly positive of the bulk Cu
deposition potential) for 100 s.*'' Next, the potential was
slowly swept from —0.40 to 0.15 V to strip off the Cu
monolayer in the same solution. Figure 2a shows the
corresponding stripping voltammograms for PdAu,, .@Cu
DENs (x = 0, 20, 70, 90, 105 and 140). The anodic peaks
between —0.40 to —0.10 V correspond to the oxidation of the
Cu shell. In the absence of Cu UPD, no anodic peak was
observed (Figure S2). More importantly, with increasing Pd
content in the Pd,Auy, , core, the stripping peaks shift
negative from —0.20 V (x=0) to —0.32 V (x = 140, Figure 2a).
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Figure 2. (a) Stripping voltammogram for Pd Au,,_,@Cu DENs.
Upper panel: Au ,,@Cu and Pd,,@Cu DENS, and lower panel: PdAu
alloy@Cu DENSs having the indicated core compositions. The Cu shell
was deposited by holding the potential of the working electrode at
—0.40 V for 100 s in 0.10 M HClO,/5.0 mM CuSO,. (b) Stripping
peak position (ECu,peak) versus core composition (x of Pd.Au,,_,).
The error bars are the standard deviations of at least three
independent measurements. The scan rate for all CVs was 10.0 mV/
s, and all solutions were degassed with N,.

Figure 2b is a plot of the average (of at least three independent
voltammograms) peak potential (ECu,pea.k) as a function of core
composition (x of Pd,Au,4,_,). It reveals a linear trend having a
slope of —1.1 mV/Pd atom. Consistent with the synthetic
method used to prepare the cores, this result also suggests that
the ratios of Pd and Au vary linearly. In other words, the Cu
UPD process does not alter the composition or surface
properties of the cores.
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The Pd,Auy,_,@Pt DENs were synthesized by galvanic
exchange of Pt for the Cu monolayer on the Pd Au,,, @Cu
DENSs. During galvanic exchange, the open circuit potential
(OCP) of the Pd Au,_,@Cu DEN-modified electrode was
recorded.'®'®"? Figure 3a illustrates how the OCP changes for
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Figure 3. (a) A typical OCP versus time trace during galvanic
exchange of Pt for the Cu shell on Pd,p;Aus;s@Cu DENs. (b) CV of
the resulting Pd,;;Au;s@Pt DENs (supported on Vulcan carbon)
obtained using a glassy carbon working electrode, a N,-purged 0.10 M
HCIO, aqueous electrolyte solution, and a scan rate of 100 mV/s.

a particular core composition (Pd;ysAuy;) when the K,PtCl,
solution is introduced. Before galvanic exchange (t = 0), the

OCP of the working electrode is ca. —0.4 V. Initially, there is a
slight increase in the OCP due to slow oxidation of the Cu shell
by trace O, present in the solution. Upon introducing K,PtCl,
at t = 17 s, however, there is a rapid increase in the OCP until it
reaches a limiting value (Vjocp) of 0.12—0.16 V. The stable
final value of Viocp indicates that galvanic exchange is
complete. All the DENs exhibited a similar value of Vjqcp
(0.13 + 0.01 V, Table S1) except for the Auy, @Pt DENs
(Viocp = 0.16 + 0.01 V). The similarity in the values of Vjocp
suggests that the structure of the Pt shell that forms on all the
Pd,Auyy_, cores following galvanic exchange is identical or
nearly so.

A typical CV, obtained using 0.10 M HCIO, as the
electrolyte solution, of the Pd;jsAu;s@Pt DENs that result
from galvanic exchange is shown in Figure 3b. It shows the
emergence of well-defined and stable H adsorption/desorption
waves between —0.4 and —0.65 V and Pt oxidation (E > 0.1 V)
and subsequent reduction (peak potential = 0.0 V) waves,
confirming the successful deposition of Pt on the Pd,Auy,_,
DEN cores. The amount of Pt on the Pd Au,,_,@Pt DENs
can be estimated from the H adsorption waves in these types of
CVs (CVs for other core compositions are provided in
Supporting Information Figure S1). The resulting values are
nearly equal to the amount of Cu on the Pd.Au, . @Cu
DENs (calculated from the Cu stripping voltammetry, Figure
S3), which correlates to complete replacement of Cu by Pt.

TEM was used to perform size analysis of the Pd Au,,_,
DENs (Figure 4a—c: Auyyg, Pd;gsAuss, and Pd, 4, respectively)
and PdAu,,.,@Pt DENs (Figure 4d—f: Au,,0@Pt, Pd,osAu;s@
Pt, and Pd,,,@Pt, respectively). TEM micrographs for the
other core compositions can be found in Figures S4 and SS.
The TEM data indicate that the Pd, Au,,,_, core DENs have a
diameter of 1.6 = 0.3 nm (Figure 4g—i), consistent with a
calculated estimate (1.6 nm) and previous reports.>'®'” After
the deposition of a Pt shell, the average size increases by ~0.6—
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Figure 4. TEM micrographs of (a) Auyyq, (b) Pd,gsAuss, and (c) Pd,,, core DENs and (d—f) the corresponding micrographs after addition of a Pt
shell. The size distributions (g—h) were obtained by measuring at least 100 randomly selected DENS.
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0.9 nm, J’ust slightly larger than the calculated ~0.5 nm
increase.

CO stripping voltammetry is the electrochemical method
most commonly used to evaluate electrocatalysts for oxidation
of surface-adsorbed CO (CO,q,).">*'~*° For our experiments, a
monolayer of CO on PdAu,_@Pt DENs was formed by
holding the DEN-modified electrode at E = —0.60 V for 2.0
min in a CO-saturated 0.10 M HCIO, solution. Next, N, was
bubbled into the solution to displace dissolved CO while
maintaining the electrode potential at —0.60 V. Finally, the
potential was scanned positive to 0.50 V and negative to —0.65
V for three consecutive cycles. CO stripping voltammograms
for all compositions of Pd,Au,,,_,@Pt DENs are provided in
Figure S6, and an example (for Pd,y;Au;@Pt DENS) is shown
in Figure Sa. During the first cycle (red) the H oxidation peak is
absent (because the surface of the DENs are passivated with
CO), but there is a large anodic peak between 0.10 and 0.40 V
that is attributable to oxidation of adsorbed CO. In the second
(black) and subsequent cycles, the CO oxidation peak is absent,
but the typical waves associated with a Pt surface are all present.
In all cases (Figure S7) CVs of Pd,Au,,o_,@Pt DENs in 0.10 M
HCIO, prior to and after CO oxidation experiments overlap,
indicating no significant structural changes or size growth
during CO adsorption or oxidation.

Expansions of the oxidation peaks for adsorbed CO on
Pd,Au,y,_,@Pt (x = 0, 20, 90, 10S, and 140) DENs are shown
in Figure 5b. Here, the currents are normalized to the Pt surface
areas calculated from the H adsorption waves in the absence of
CO. The charge associated with the CO oxidation peaks is
about twice that of the corresponding H adsorption wave areas
(Figure S8), suggesting nearly monolayer coverage of CO on Pt
(recall CO oxidation is a two-electron process). In terms of
peak potential (Ecgpea), the catalytic activity of the
Pd,Au, 4, @Pt DENs has the following order in x: 140 < 20,
90, 105 < 0. More specifically, various alloy core@shell DENs
exhibit a similar Ecq e, of ~0.2 V as the Pt;4o DENSs, which is
~100 mV negative than Pd ,,@Pt DENs but ~80 mV more
positive than Au,,@Pt DENs. When plotted against the core
composition (x in Pd,Au,_,@Pt), the catalytic activity trend
in terms of Ecopex becomes koppa-shaped (Figure Sc). A
similar trend, but with a larger standard deviation, is observed
for the onset potentials for CO,4, oxidation (Figure S9).

This koppa-trend can be interpreted by understanding the
two turning points at low and high values of «, that is, Au),\@
Pt and Pd , @Pt, respectively. As previously reported by our
group,'> Au@Pt core@shell DENs exhibit a higher catalytic
activity toward adsorbed CO oxidation than Pt DENs having a
similar size. This is because the Pt shell of Au@Pt DENs
undergoes a deformation corresponding to compressed Pt
facets having an average Pt—Pt bond length shorter than in
pure Pt DENs. Compression of the Pt—Pt bonds leads to
weaker CO binding and improved catalytic activity for CO
oxidation with respect to Pt DENs. For Pd 4, @Pt DENs, the
low activity is probably caused by inversion of the particles to
yield a Pd shell that binds CO more strongly than Pt. Anderson
et al. reported the spontaneous inversion of Pd,,,@Pt;s, to
Pt,4;@Pd,4,Pt;s DENs where the corner and edge sites are
considered to be the reactive sites for core—shell inversion.>" A
similar reconfiguration was observed for Pds@Pty,”" and
Pdss@Aug, DENs."”

To test the aforementioned inversion hypothesis, Pt;, @Pd
DENs were synthesized and the CO oxidation activity
examined. The peak potential for CO oxidation on the
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Figure 5. (a) CV showing the oxidation of CO,4, on PdosAus@Pt
DENs. The oxidation current is normalized to the Pt surface area,
which is calculated from the H adsorption waves in Figure S1. The red
line indicates the first cycle and the black line is the second cycle.
(b)Upper panel: Peaks corresponding to oxidation of CO,q for
Pd,0@Pt, Pd,0Au,,,@Pt, PdgoAuso@Pt, PdpsAuss@Pt, and Auy,@Pt
DENSs. Lower panel: control experiments using Au, 4, Pd, 4o, Pty4,0@Pd
and Pt;,0 DENs. Complete CVs are provided in Figure S6. (c) CO
stripping peak potential (Ecopea) versus x in Pd,Au,,_@Pt DENs
exhibiting a koppa-like shape. Error bars represent the standard
deviations of at least three independent tests. For panels a and b, the
DENSs were supported on Vulcan carbon and the CVs obtained using a
glassy carbon working electrode and a N,-purged 0.10 M HCIO,
aqueous electrolyte solution. The scan rate for all CVs was 50 mV/s.

Pt,,0@Pd DENs (~0.3 V) is close to that observed for the
Pd,,,@Pt DENs (Figure Sb), suggesting that structural
inversion is the likely cause of the lowered activity. In contrast
to monometallic cores, the alloy cores tend to stabilize the
core@shell structure. This conclusion is similar to that reported
by Adzic and co-workers, wherein larger (~4 nm) PdAu alloy
cores stabilized monolayer Pt shells. Indeed, they reported little
structural degradation for the oxygen reduction reaction (ORR)
even after 100000 potential cycles.>**®> They ascribed the
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stability improvement to the occupancy of low-coordinated
surface defects by Au atoms. To summarize, we believe the
koppa trend is caused by a combination of structural
deformation with a pure Au or Pd core and structural
stabilization by PdAu alloy cores.

DEFT calculations were performed to further understand the
experimentally observed catalytic activity trends described in
the previous paragraph. Specifically, CO binding energies on
Pd Au,,_ @Pty particles (x = 0, 35, 70, 105, and 140) were
calculated to determine the oxidation potential of adsorbed
CO. It is generally accepted that oxidation of CO adsorbed on
Pt occurs primarily via a Langmuir—Hinshelwood (L—H)
mechanism, which means adsorbed CO reacts with adsorbed
oxygen-containing species.”* Previous studies show that the
binding energy of CO and OH are good descriptors for
understanding CO electrooxidation activity.**> In the case of
alloy-core@shell nanoparticles, for example, Zhang et al
showed that there is often a linear correlation between the
binding energy of adsorbates to the shell and the composition
of the alloy core. This correlation is general across a range of
nanoparticle compositions, sizes, and adsorbate molecules.” In
fact, we found a similar positive correlation for CO and OH
binding to the nanoparticles reported here (Figure S10). Based
on these DFT calculations and the experimental data, we
conclude that the change in oxidation potential is caused
primarily by the difference in CO binding, and therefore only
the binding of CO,4, was used as a descriptor.

The nanoparticles were modeled as face-centered cubic (fcc)
crystallites with a 140-atom truncated octahedral Pd Au,,,_,
alloy core. The Pt shell was modeled with 96 atoms covering
the (111) facets, leaving the corner and edge sites exposed
(Scheme 1 and Figure 6a). We have evidence from previous
experimental characterization of similar DENs that this model
is reasonable.''*'* The CO binding energy, E,, was calculated
as an average over the atop binding sites in the center of each of
the eight (111) facets,

Ey, = 1/8(Expisco — Ene — 8Eco) (1)

Here, Exp,sco is the energy of the particle with eight adsorbed
CO molecules, Eyp is the energy of the bare particle, and Ec is
the reference energy of a free CO molecule. Ten different
random-alloy configurations were considered in the calculation
of the average CO binding energy for each core composition
(80 binding sites, in total). Additional computational details can
be found in the Supporting Information.

The solid line in Figure 6b shows that as x is varied, the
calculated CO binding energy correlates well with the
experimental result shown in Figure Sc. By comparing the
experimental results with the theoretical calculations, the
E¢o peak Was found to shift positive when CO and OH binding
becomes stronger. This indicates that CO 4, oxidation by OH,4;
determines the CO oxidation potential in our system.
Otherwise, if the OH nucleation step determined the oxidation
potential, Ecq ., would shift negative with stronger OH
binding. The latter trend is not observed. In Region I (RI),
where 25% Pd is alloyed to the Au core forming Pd;sAu, ;@
Pty, CO binding is enhanced by ~0.4 €V compared to Au,,,@
Ptys, and the average Pt—Pt bond length increases from 2.6S to
2.70 A (Figure S11). These observations are understood in
terms of a deformation of the Pt shell on the Au,,@Ptos
nanoparticles. The optimized structure of Au,,,@Ptog in Figure
6a shows that atoms from the Au core protrude at the edges
and corners, while the Pt shell facets are compressed by the
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Figure 6. (a) DFT-optimized structure of the partial-shell and
complete-shell models: Au,@Ptos, Pd;4g@Ptys Auyy@Pt;, and
Pd,,,@Pt,,. The gold, blue, and gray spheres represent Au, Pd, and Pt
atoms, respectively. In side view figures, the Pt shells are shown as
frames to highlight the structure deformation of Auy, @Ptss (that
some Au core atoms are actually on the same plane as the Pt shell).
(b) The calculated CO binding energy trend of PdAu@Pt nano-
particles as a function of percentage of Pd in the core for the models
shown in (a).

surrounding Au atoms. Similar to our previous findings, the
weak CO binding of Auj,@Ptys is a consequence of this
deformation of Pt partial shell.'> The addition of small amounts
of Pd in the core, however, suppresses this effect and recovers
the expected strong CO binding of a Pt overlayer on Au. This
argument is further supported by consideration the complete
shell model Au,,,@Pt,-,, where the significant Au deformation
is suppressed. Clearly, Au,,@Pt,;, binds CO more strongly
than either Au,,(@Ptys or PdjsAu,; s@Ptys in the absence of
such a deformation.

By increasing the Pd fraction in the alloy core of PdAu@Pty,
from 25% to 75% (RII in Figure 6b), the CO binding is slowly
and linearly weakened by 0.1 eV. A similar trend is observed for
the complete shell model, PdAu@Pt,,;, at the same Pd
fractions (dashed line in Figure 6b). This trend can be
explained by strain in the Pt shell due to the core alloy.***” In
our case, the Pt—Pt bonds are stretched with an increasing Au
composition in the core. The calculated Pt—Pt bond length
illustrates this trend (Figure S11). The slight discrepancy
between the solid line and the dashed line is likely caused by
minor shell deformations, especially at higher Au content.

Shell deformation and strain explain the trends in the RI and
RII regions of Figure Sc. In RIII, where the majority of the core
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is Pd, we attribute the drop in activity to the inversion of Pd
and Pt between the core and the shell. This explanation is
supported by the fact that the CO stripping potential in the Pd-
rich DENs is similar to that observed for Pt;,,@Pd DENs
(Figure Sb), in which Pd is known to be in the shell. In Figure
6b, DFT calculations show that CO binds more strongly to
Pty4@Pdog (—1.77 €V) than Pd,,,@Pts (—1.55 €V), giving
rise to the second transition in the koppa-shaped plot of CO
stripping potential (Figure Sc). Importantly, the addition of just
a small amount of Au to the Pd core dramatically suppresses
the inversion process. The segregation energy to swap a Pt
atom in the shell with a subsurface Pd atom was calculated on
Pd,,(@Ptys to be —0.29 eV. With the addition of 25% Au, in
the PdjsAu;s@Ptos particle, this segregation energy is cut in
half, demonstrating the increase in shell stability (Figure S11).
The reduction of E, indicates that alloying of Au makes the
core bind Pd atoms more strongly than Pt, which is very likely
due to the stronger interaction between Au—Pd compared to
Au—Pt. Although E,, remains negative (thermodynamics
favorable for segregation), it could still be kinetically stabilized.
E,, provides a simple model to evaluate the stability, and we
are more interested in the trend of E, instead of its absolute
value or its sign. This alloy stability is also supported by the
positive curvature of the convex hull for PdAu random alloy
formation, (Figure S12) demonstrating that alloying Au and Pd
is energetically favorable as compared to the monometallic
nanoparticles. Similar observations in smaller Au—Pd alloy
nanoclusters (up to SS atoms per cluster) have been reported
by Pittaway and co-workers.>® Adzic and co-workers reported a
similar enhanced durability of PAAu@Pt particles.>® Their study
suggested that when a surface vacancy is formed in the Pt shell,
Au is more likely to hop to the vacancy than Pd, which is
another possible reason for inversion suppression. The
important point is that trends in DFT-calculated CO binding
energies using a partial-shell model correlate well with the
koppa-shaped activity trend observed experimentally.

To conclude, we have reported an unusual koppa-shaped
activity trend for adsorbed CO oxidation using Pd,Au,,, . @Pt
DEN electrocatalysts. Both experiments and DFT calculations
suggest that this unusual behavior is caused primarily by
structural changes of the DENs at high and low values of «.
That is, a pure Au core leads to deformation of the Pt shell and
a compression of the Pt lattice. However, Pd, from the pure Pd
cores, tends to segregate on the DEN surface forming an
inverted configuration having Pt within the core and Pd in the
shell. In contrast, the alloy PdAu cores stabilize the core@shell
structures by preventing Au and Pd from escaping the core.
These findings illustrate the importance of controlling both the
stability and reactivity of the catalysts, and they provide
guidance as to how core composition can be used to do that.
Above all, however, this study illustrates that nanoparticle
structure, not just electronic effects, is a critically important
factor for nanoscale electrocatalysts.
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