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B
imetallic nanoparticles (NPs) often
exhibit activity superior to theirmono-
metallic counterparts, due to a com-

bination of metal�metal interactions. Many
examples of increased catalytic activity
on bimetallic core�shell or alloy NPs have
been published in the literature.1�8 Elec-
tronic effects, also called ligand effects or
charge redistribution, alter the electronic
structure of the metal surface through
direct electron interaction between the
twometals. The resulting increase in activity
can be explained by the position of the
surface metal's d-band center in relation to
the Fermi level, affecting how strongly re-
active adsorbate molecules can bind to the
metal surface.9�11 The geometric effect, or
lattice strain, also alters catalytic activity by
changing the position of the d-band center.
When two metals with different lattice sizes
are brought into contact, the crystal lattice

near the boundary needs to restructure a
small amount to reduce the lattice mis-
match. Expansive strain reduces orbital
overlap, narrowing the d-band and raising
the d-band center, while compressive strain
increases overlap, widening the d-band and
lowering the d-band center.9,12�14 Synergy,
or ensemble effects, involves the availability
of specific metal active sites. Many catalytic
reactions that take place on a metal surface
require a specific type of binding site to
achieve the correct orientation, for example,
a 3-fold Pd site or a monomer Pt site, while
the wrong site can lead to poisoning of the
surface or unwanted byproducts. Adding
a second metal to an NP catalyst can alter
activity by preferentially tuning the types of
active sites available to adsorbates.15�17

While bimetallic and multimetallic NPs
often exhibit improved activity compared
to their monometallic counterparts, it is
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ABSTRACT Bimetallic nanoparticle catalysts provide enhanced

activity, as combining metals allows tuning of electronic and

geometric structure, but the enhancement may vary during the

reaction because the nanoparticles can undergo metal migration

under catalytic reaction conditions. Using cyclic voltammetry to track

the surface composition over time, we carried out a detailed study of

metal migration in a well-defined model Au�Pd core�shell nanocatalyst. When subjected to electrochemical conditions, Au migration from the core to

the shell was observed. The effect of Pd shell thickness and electrolyte identity on the extent of migration was studied. Migration of metals during catalytic

ethanol oxidation was found to alter the particle's surface composition and electronic structure, enhancing the core�shell particles' activity. We show that

metal migration in core�shell nanoparticles is a phenomenon common to numerous electrochemical systems and must be considered when studying

electrochemical catalysis.
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difficult to optimize activity by simply manipulating
composition and structure, because metal migration
causes the influence of electronic, geometric, and
ensemble effects to change over time. Bimetallic na-
noparticles undergo metal migration when subjected
to reaction conditions, caused by surface energy differ-
ences and oxidizing or reducing agents in the system
(Scheme 1). This has attracted great attention in recent
catalysis research.18 Using the popular core�shell
structure as an example, the core metal may have
lower surface energy than the shell metal, so when
given enough energy, the core metal will migrate to
the particle surface in order to lower the overall surface
energy. Experimental and computational work has
been done to study heat-induced metal migration.
Computational studies modeled the high-temperature
melting of Au�Pt core�shell NPs, finding the migra-
tion of Au from core to shell to be inhomogeneous and
dependent on shell thickness.19 A recent experimental
study used various calcination temperatures and gas
environments to migrate Au in Au�Pt core�shell NPs
andmanipulate the ratio of Pt to Au in the alloyed shell,
finding that the migration of Au from core to shell
increased catalytic activity in electro-oxidations. They
attributed this result to electronic and synergetic ef-
fects: the Au in the shell both altered Pt's electronic
structure and manipulated the types of active sites
available.20 It has also been found thatmetal migration
can occur under catalytic reaction conditions. In gas
phase heterogeneous catalysis, both the reaction tem-
perature and the gases present in the reaction mixture
affect metal migration. It was shown that in Rh�Pt and
Rh�Pd NPs, Rh and Pd or Pt alternately and reversibly
migrate to the surface as the gas environment is
changed. Metallic Pd and Pt have lower surface en-
ergies than Rh, so they move to the surface under
reducing conditions, but Rh forms more stable oxides,
so it moves to the surface under oxidizing conditions.21

A similar findingwas achievedwith Au�PdNPs under a
CO/O2 atmosphere, in which the ratio of gases present
determined the surface composition of the particles.22

Migration has also been seen in situ in electrocatalytic
reaction conditions, in the cases of Pt�Ni23 and
Pt�Cu.24 In many cases, the compositional and struc-
tural changes resulting from metal migration can lead
to higher activity, but may also decrease durability.
While the impact on catalysis of electrochemically

induced metal migration has been shown, such study
is less extensive compared to work on synthetic routes

and catalysis for metal core�shell nanoparticles.
Here, we study metal migration induced by reaction
conditions in a well-defined model Au�Pd core�shell
nanocatalyst; a system that has been well studied
synthetically.25�28 Pd is an important catalytic metal
for a number of energy- and industrially relevant
reactions,29�33 and Au has been shown to increase
Pd's activity in many cases,34,35 so this an important
bimetallic system in which to studymigration. Au has a
lower surface energy than Pd and is prone to outward
migration from core to shell.36 The structural and
compositional changes resulting frommetal migration
need to be studied in order to understand the stability
of Au�Pd bimetallic catalysts, as well as to elucidate
the real active surface of the catalyst, which may be
different from that of the as-synthesized NPs. Migra-
tion in Au�Pd NPs has been studied theoretically via

high-temperature simulations36 and in gas phase het-
erogeneous catalysis,37 but to our knowledge it has not
been studied under electrocatalytic conditions. In this
work, well-defined Au�Pd core�shell octahedral NPs
were synthesized as a model catalyst and tested under
a number of different electrochemical conditions to
understand the mechanism and catalytic conse-
quences of in situmetal migration. Octahedral particles
were chosen because the {111} crystal facet is the
most stable and close-packed low-index facet, and a
30 nm particle size was chosen because the relatively
large size allows good control over shape and shell
thickness. Different morphologies and sizes will be
studied in the future; for an initial study, the good
stability and well-controlled structure of the 30 nm
octahedra provide an excellent model catalyst plat-
form. We show that electrochemical cycling during
both voltammetric profiles and catalytic ethanol oxida-
tion induces surface composition changes, that the
mechanism of change likely involves both Au migra-
tion and Pd oxidative dissolution, and that the com-
positional changes affect catalytic activity through a
combination of bimetallic interactions.

RESULTS AND DISCUSSION

An aqueous phase, cetyltrimethylammonium bro-
mide (CTAB)-capped synthetic method similar to that
employed in our recent work38 was used to create
30�35 nm Au�Pd core�shell nanooctahedra. As an
ionic capping agent, CTAB is relatively loosely asso-
ciated with the NP surface and can be removed by a
combination of centrifugation in water and potential
cycling, so it is a suitable capping agent with which to
study surface structure and catalysis. Large, well-de-
fined NPs with tunable shell thicknesses are suitable
model catalysts for the study of metal migration, so
hydrothermally synthesized Au octahedral NPs with
a corner-to-corner length of 30 nm were chosen as
seeds, as reported in the literature.39 Pd was grown
epitaxially over the Au seeds, and by varying the

Scheme 1. Surface metal migration of core�shell nano-
particles.

A
RTIC

LE



BRODSKY ET AL . VOL. 8 ’ NO. 9 ’ 9368–9378 ’ 2014

www.acsnano.org

9370

amount of Pd precursor in the growth solution, Pd
shells of tunable thicknesses were obtained. Adding
15 μL of 0.01 M H2PdCl4 to the growth solution yielded
Pd shells approximately 1.5 nm thick (thin shell), while
adding 50 μL of 0.01 M H2PdCl4 to the growth solution
yielded Pd shells approximately 4.5 nm thick (thick
shell). Transmission electron microscopy (TEM) images
of the Au seeds and thin and thick shell Au�Pd
octahedra are shown in Figure 1. Figure 1d shows the
continual lattice fringes from the Au core to Pd shell
phases, indicating epitaxial growth. Both particle
types have well-defined structures and good mono-
dispersity, which allows us to perform the thorough
electrochemical study discussed below.
Voltammetric profiles of the thin shell octahedra

were performed in 0.5 M H2SO4 to characterize the
surface composition of the particles over time. The
charges associated with characteristic peaks in the
profile are proportional to Au and Pd surface areas:
the peaks for hydrogen adsorption and desorption on
Pd (Pd�H) occur between �0.19 and 0.06 V, and the
peak for oxide reduction on Au (Au-ox) occurs on the
cathodic scan between 1.0 and 0.8 V.20 Cycles 3, 10,
and 20 of thin shell octahedra profiles are shown in
Figure 2a. The Pd�H peaks decrease and the Au-ox
peaks increase in magnitude over time, indicating
increasing amounts of Au exposed on the surface.
Quantitative surface areas can beobtained byaveraging

the Pd�H adsorption and desorption peak charges
and dividing by 212 μC/cm2,40 and dividing the Au-ox
peak charge by 340 μC/cm2 to give surface area in cm2

(Figure S1).20

These surface areas were calculated every five cycles
and are plotted against cycle number in Figure 2d. This
plot shows that the Pd surface area steadily decreases
while the Au surface area steadily increases. This
change in surface composition could occur either by
outward migration of Au from the core to the shell or
by dissolution of Pd from the particle surface into the
electrolyte, or by a combination of both. As a control
experiment, a mixture of pure Au and Pd NPs was
synthesized and tested under the same voltammetric
profile conditions, shown in Figure 2b,e. After 20 cycles,
little change in the shape or magnitude of the Pd�H
and Au-ox peaks can be seen, and accordingly, the plot
of surface area versus cycle number shows little change
over time. The Pd surface area actually increases
slightly at first, likely due to the surface becoming
cleaner: while centrifugation removes excess solution
CTAB, some CTAB molecules still remain associated
with the surface after centrifugation,41 and this portion
is stripped away by potential cycling. This CTAB-
cleaning effect is likely also present in the case of the
thin shell octahedra, but the Au migration is so rapid
in this case that it dwarfs the cleaning effect and
Pd surface area immediately decreases. In addition,

Figure 1. TEM images of (a) Au nanooctahedra, (b) thin shell Au�Pd nanooctahedra, and (c) thick shell Au�Pd nanooctahedra
and (d) HR-TEM image of a thin shell octahedron's Au�Pd interface, showing epitaxial growth. Insets in (b) and (c) show
magnified images of a single Au�Pd particle.
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the same test was performed on the thick shell octa-
hedra, shown in Figure 2c,f. The results aremore similar
to that of the Au/Pd mix than that of the thin shell
octahedra: the Pd area increases slightly over the span
of 20 cycles, likely due to surface cleaning. The near-
steady Pd areas in Figure 2e,f indicate that Pd dissolves
relatively slowly into solution under these conditions; it
takes 15 cycles to initiate a slow surface area decrease
of pure Pd NPs, as compared with the immediate Pd
surface area decrease in the case of the thin Pd shell,
which provides evidence that the observed thin shell
surface changes are not solely caused by Pd dissolu-
tion. The outwardmigration of the Au core atoms plays
a more important role here. The rapid decrease in Pd
surface area observed in Figure 2d could be due to
Au atoms overtaking the surface, or that Au migration
destabilizes Pd surface atoms and thus initiates Pd
dissolution. The Pd shell must be thin to facilitate these
changes; in Figure 2c,f the Pd shell is too thick to
allow Au to migrate to the surface and/or cause Pd to
dissolve.
The evolution in shape and peak placement of the

voltammetric profiles in Figure 2 provides more infor-
mation about the structural changes occurring during
the electrochemical cycling. The {100} and {111} facet
dominant surfaces of Pd NPs have unique peak poten-
tials, as the two facets adsorb hydrogen and form
oxides at different energies.42 In the hydrogen adsorp-
tion/desorption region (�0.19 to 0 V), {100} facets
exhibit peaks to the right of {111}; in the oxidized Pd
formation region (0.6 to 0.9 V anodic), {100} facets
exhibit peaks to the left of {111}; and in the reduc-
tion of the oxidized Pd region (0.2 to 0.6 V cathodic),
{100} facets exhibit peaks to the right of {111}.

It can be seen in Figure 2a,b that with increased cycling
a new peak grows in at 0.5 V on the cathodic scan. This
peak corresponds to the reduction of oxidized Pd on
a {100} facet and grows in next to the peak at 0.35 V
corresponding to the reduction of oxidized Pd on a
{111} facet. In addition, the Pd�H region peaks shift to
the right with increased cycling, and the oxidized Pd
formation peaks shift to the left. Each of these changes
indicates that the fraction of exposed {111} facets
decreases while the fraction of exposed {100} facets
increases. This structural change makes sense when
considering Pd dissolution under these electrochemi-
cal conditions. In an octahedral NP, the corners are the
most undercoordinated, and thus of highest energy,
and are likely to change more easily than the more
stable {111} faces, creating truncated cuboctahedral
morphologies. The change of corners exposes {100}
facets and gives rise to the above-mentioned {100}
characteristic CV peaks. These changes in peak place-
ment are seen to a lesser extent, however, in the case of
thick shell octahedra in Figure 2c, corroborating the
results of surface area measurements in Figure 2d,e,f
that the lowest amount of Pd dissolution is seen in the
case of the thick shell octahedra.
It is likely that the migration of Au from core to shell

results from differences in surface and cohesive en-
ergies. Pd has a larger cohesive energy than Au; it is
more favorable for Pd to be highly coordinated in the
volume of a solid rather than undercoordinated on the
edge, and this effect is stronger for Pd than for Au. In
addition, Au has a lower surface energy than Pd, which
combined with the cohesive energy effect is a strong
driving force for Au atoms to diffuse preferentially to
the NP surface and displace Pd atoms.22 In one study,

Figure 2. Voltammetric profiles of NPs in 0.5 M H2SO4 of (a) thin shell Au�Pd core�shell octahedra, (b) a mixture of pure Pd
and Au NPs, and (c) thick shell Au�Pd core�shell octahedra. (d�f) Plots of Pd and Au surface areas calculated from
voltammetric profile charges versus cycle number for thin shell Au�Pd core�shell octahedra, the Pd/Au mixture, and thick
shell Au�Pd core�shell octahedra, respectively.
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this energetic effect was found to induce irreversible
Aumigration only in Au�Pd NPswith a sufficiently thin
shell, which correlates with the results in this work.43

In a gas phase environment, the metal with lower
surface energy tends to migrate outward under redu-
cing conditions, while the more easily oxidized metal
migrates outward under oxidative conditions.21 In an
electrochemical environment, the condition switches
from oxidative to reducing between every scan, but
the same principles may apply; on the cathodic scans
the lower surface energy Au migrates outward, and on
the anodic scans Pd would be expected to oxidize and
migrate outward. However, it has been found that the
alloying of Au with Pd reduces the number of unoccu-
pied electronic states in Pd's d-band, inhibiting Pd
oxidation.43,44 It is possible that as Au migrates out-
ward and the NP shell becomes alloyed, Pd can resist
oxidation on the anodic scans and Au is able to remain
on the surface.
TEM images were taken of the thin shell Au�Pd

octahedra before and after 20 voltammetric profile
cycles in 0.5 M H2SO4, shown in Figure 3. In order to
have a tangible amount of material to collect off of the
electrode after cycling, it was necessary to load the NPs
onto a conductive carbon Vulcan XC-72 support before
deposition onto the electrode. Figure 3b,c shows that
the octahedral shape of the NPs is largely maintained
during cycling, although there may be some rounding
of the corners into a cuboctahedral shape due to
dissolution at the corners as discussed above, and
Figure 3c may indicate the retention of a core�shell
structure. TEM provides little contrast between Au and
Pd atoms, however, so the existence of a core�shell
structure or alloyed shell cannot be determined con-
clusively, and due to varied orientation on the three-
dimensional carbon support, it is difficult to ascertain
the exact NP shape.
Scanning transmission electron microscopy (STEM)

equipped with energy-dispersive X-ray spectroscopy
(EDX) was used to study the Au�Pd thin shell core�
shell octahedra before and after 20 cycles of voltam-
metric profile scanning in 0.5 M H2SO4. The resulting
line scans are shown in Figure 4, along with crystal
models depicting what we believe to be the Au�Pd
structures before and after voltammetric profile scanning.

The Pd line scan (red) before cycling has a sharp peak at
each end, indicative of a well-defined core�shell struc-
ture; the as-synthesized octahedra have a clear bound-
ary between the Au core and Pd shell. The Pd line scan
after cycling, on the other hand, lacks this characteristic
feature and rather has a smoothbell curve shape similar
to that of Au (blue), indicating the presence of both
metals in the shell due to Aumigration. The presence of
both Au and Pd in the particle shell is corroborated by
the presence of both Au and Pd peaks in the voltam-
metric profiles. STEM elemental mapping was also
obtained of the Au�Pd octahedra, shown in Support-
ing Information Figure S2. The before and after maps
appear similar, but it is important to note that even after
cycling there remains virtually no Pd in the interior of
the particle. This indicates that while Aumigrates to the
shell, there is little to no migration of Pd toward the
core. Therefore, one possible mechanism of composi-
tional change is that Au atoms migrate to the shell and
displace Pd atoms, which then dissolve into solution
instead of dissolving back into the interior of the NP.
Or, Pd atoms first dissolve from the shell surface into
solution, and Au atoms migrate into the shell to fill the
vacancies left behind. The latter may be more likely,
because when Pd atoms dissolve out of the shell, they
leave high-energy, undercoordinated sites and it be-
comes energetically favorable for Au atoms to fill these
sites. The results of voltammetric profiles and surface
area quantification (Figure 1) indicate that Pd does not
dissolve into the solution on its own, as little decrease in
Pd areawas seen for pure Pd particles or a thick Pd shell.
This implies that some modification or influence by the
Au core may be needed to induce Pd dissolution and
that the processes of Au migration and Pd dissolution
are closely related.
Next, the effect of electrolyte on Au migration was

studied by comparing voltammetric profiles of thin
shell Au�Pd octahedra in 0.5 M sulfuric acid, perchloric
acid, and potassium hydroxide, shown in Figure 5.
These three electrolytes are the most commonly
used in electrochemical NP characterization and were
thus tested in order to gain a general understanding
of metal migration behavior in voltammetric profiles,
in both acidic and alkaline solutions. In sulfuric acid,
a drastic change in Pd�H and Au-ox peaks can be seen

Figure 3. TEM images of thin shell Au�Pd core�shell octahedra on a Vulcan XC-72 support (a) before and (b, c) after 20
voltammetric profile cycles in 0.5 M H2SO4.
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between cycles 3 and 20; by cycle 20 the Pd�H peaks
have diminished to almost nothing and the Au-ox peak
has grown large. In perchloric acid, on the other hand,
the Pd�H and Au-ox peaks in cycles 3 and 20 differ
minimally, and a drastic change as seen in sulfuric acid
is not seen until cycle 50. In KOH, no change is seen
even after 50 cycles. A different voltage range is
needed for the KOH scans, but it has been shown
that the characteristic peaks fall in the same relative
positions;45 thus the lack of change in the Pd�H and
Au-ox peaks still indicates little to no migration/
dissolution. In addition, the changes in peak placement
with repeated cycling discussed above are seen in
Figure 5a,b but not c, again indicating little to no
Pd dissolution in the KOH electrolyte. These results

indicate that Au is able to migrate the fastest, and/or
Pd dissolves the fastest, in sulfuric acid, slowly in
perchloric acid, and not at all in an alkaline environ-
ment. The difference inmigration/dissolution between
acid electrolytes likely results from the different anions
in solution. It has been reported that Pd's anodic
oxidation and dissolution occurs to a different extent
depending on the electrolyte.46 The presence of anions
in solution may facilitate the formation of dissolution
intermediates or products by forming complexes with
Pd cations, so the anion identity can affect the rate
of dissolution. ClO4

� anions are known to promote
Pd dissolution to a lesser extent,47 and to adsorb to
Pd surfaces to a lesser extent,48 than HSO4

�/SO4
2�.

Thus, the HClO4 electrolyte interacts less with the Pd

Figure 5. Voltammetric profiles of thin shell Au�Pd core�shell octahedra in (a) 0.5 M H2SO4, (b) 0.5 M HClO4, and (c) 0.5 M
KOH. A drastic change in surface composition is seen in H2SO4, while less change is seen in HClO4 and no change is seen
in KOH.

Figure 4. EDX line scans of Au�Pd thin shell core�shell octahedra on a Vulcan XC-72 support (a) as synthesized and (b) after
20 voltammetric profile cycles in 0.5 M H2SO4. (c, d) Crystal models of what we believe the NPs look like before cycling
(core�shell) and after cycling (core�alloyed-shell). Pd is shown in red; Au in blue.
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surface and does not induce migration/dissolution as
fast as H2SO4.
As noted above, the potential range for the KOH

profiles is different than that of the acidic electrolytes,
only scanning to 0.6 V, so it is possible that a higher
anodic potential is needed to induce Aumigration and
Pd dissolution, resulting in no compositional change in
the KOH profile. We also note that there is no sulfate
anion present in the KOH experiment, so the anion
effect may also be at play in this system; OH� anions
may not facilitate Pd dissolution to the same extent as
ClO4

� and HSO4
�/SO4

2�. To further study the effect of
pH on metal migration, voltammetric profiles of thin
shell Au�Pd octahedra were obtained in pH 4, 7,
and 10 0.5 M SO4

2� electrolyte solutions, shown in
Figure S3. Migration is observed in the pH 4 profile, as
evidenced by the disappearance of the Pd�H peaks
and the appearance of the Au-ox peak, while little to no
migration is observed in the profiles at pH 7 and 10. In
addition, the migration at pH 4 is observed to a lesser
extent than that at pH 0 (0.5 M H2SO4 in Figure 5a).
Because the characteristic Pd�H and Au-ox peaks
occur at different potentials depending on the electro-
lyte pH, slightly different potential windows were
necessary for each experiment (pH 0: �0.19 to 1.49 V,
pH 4: �0.5 to 1.26 V, pH 7 and 10: �1.0 to 1.2 V).
However, the anodic potentials are sufficiently high in
each case to fully oxidize both Pd and Au, so the trend
observed is due to differences in pH rather than
potential. It is known that Pd dissolution occurs to
a greater extent at lower pH,47 and it is likely that a
sufficiently acidic electrolyte is necessary in this system
to induce Pd dissolution and Au migration. To limit
unwantedmetalmigration in bimetallic catalyst systems,
therefore, it may be beneficial to perform reactions in
an alkaline environment when possible.
Next, the migration of Au was studied under cataly-

tic conditions. Ethanol electro-oxidation is an impor-
tant fuel cell reaction and, as such, has become a
popular characterization method with which to test
the activity of metal nanoparticles. While it is a widely
utilized reaction, the effect of metal migration on
ethanol oxidation activity in such a well-defined sys-
tem is unstudied, making it a perfect model reaction
for this work. The ethanol oxidation reaction (EOR) in
an alkaline electrolyte was performed on the thin and
thick shell Au�Pd octahedral NPs to study both the
effect of migration on electrocatalysis and the effect
of shell thickness on migration. In order to compare
activity of the two NP types, an electrochemically
active surface area (ECSA) measurement with which
to normalize current is needed. CO stripping is gen-
erally the best method for ECSA quantification, but did
not give readable currents for these NPs. Voltammetric
profiles can also be used to calculate ECSA, but as
discussed above, these scans alter the NP surface.
Instead, “half” blank scans, cycling from 0.19 to 0.3 V,

were performed, thus avoiding the highly anodic
region that causes Au migration and/or Pd dissolution.
After 20 cycles of “half” blank scans, no change was
seen, indicating no surface modification (Figure S4).
Pd ECSA was determined by averaging the Pd�H
peaks and dividing by 212 μC/cm2 as above. Two
thousand cycles of ethanol oxidation were performed,
and cycles 2, 500, and 2000 for thin and thick shell
Au�Pd octahedra are shown in Figure 6. In the case of
thin shell octahedra, two main peaks are present until
about cycle 400, at which point two new peaks appear.
These peaks are labeled I�IV in Figure 6a. Forward
peak I and backward peak IV are in positions character-
istic of ethanol oxidation on Pd,49 while forward peak II
and backward peak III are characteristic of ethanol
oxidation on Au (Figure S5).50 The presence of Au
peaks indicates again that during electrochemical
cycling Au migrates from the NP core to the shell.
The normalized current densities of these peaks were
measured every one hundred cycles and are plotted
against cycle number in Figure 6c,d. For the thin shell
octahedra, Pd's current density peaks around cycle
400, near 80 mA/cm2, and begins to decrease steadily
as Au peaks appear. The Au peaks hit a maximum at
about 800 cycles before beginning to steadily de-
crease. The activity of all four peaks eventually flattens
out near 10 mA/cm2. The presence of Au peaks in-
dicates migration of Au from core to shell, which
interestingly does not occur until cycle 400, while
occurring in the first 10 cycles in sulfuric acid voltam-
metric profiles. This may be due to the alkaline electro-
lyte or the low anodic voltage (the scans cycle from
�0.8 to 0.3 V). The case of thick shell Au�Pd octahedra
is strikingly different; Au peaks II and III never appear,
indicating no migration of Au from core to shell, and
the Pd activity reaches a maximum at cycle 100 near
14 mA/cm2 and decreases rapidly, flattening out near
1 mA/cm2. Thus, the thick Pd shell prevents Au migra-
tion, but the thin Pd shell provides a much higher
overall current density of 80 versus 14 mA/cm2 at peak
and 10 versus 1 mA/cm2 after 2000 cycles. It is also
important to note that the thin shell octahedra in-
crease in activity for the first 400 cycles; as Au moves
toward the surface, it promotes Pd EOR activity, but
when the Au surface coverage is too high, activity
decreases.
These trends in activity can be explained by a

combination of lattice strain, ligand, and ensemble
effects. Au has a larger lattice size than Pd and expands
Pd's lattice, raising its d-band center and increasing
adsorbate bonding strength.38 This effect can only
be seen for sufficiently thin Pd shells and thus increases
EOR activity for thin shell but not thick shell
octahedra.25,51 Ligand effects are likely also at play in
this system. In general, electron density transfers from
themetal with the higher Fermi level (Pd in this case) to
the metal with the lower Fermi level (Au). However, in
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the special case of AuPd alloys, the opposite occurs,
and even though s and p orbital electron density is
transferred from Pd to Au, the catalytically important
d orbital electron density is transferred from Au to Pd,
lowering Pd's d-band center and decreasing the bond-
ing strength of adsorbates.52 Thus, strain and ligand
effects work in opposition here. In the thin shell core�
shell system, ligand effects are not yet present, and
strain effects promote EOR activity by increasing
chemisorption of ethanol. It is likely that in the first
400 cycles Au moves closer toward the shell and strain
effects increase, hence the increase in EOR activity.
After 400 cycles, however, Au is exposed on the sur-
face;as evidenced by the appearance of peaks II and
III;and the surface becomes a AuPd alloy. Once
the alloy is present, ligand effects play a more impor-
tant role and begin to weaken ethanol chemisorption,
decreasing EOR activity. One study notes that the AuPd
alloy ligand effect is not seen in Pdmonolayers or thick
shells, but requires Pd monomers surrounded by Au
atoms,52 and becomes present once Au migrates to
the shell in this case. In addition, as Audisplaces surface
Pd atoms, the number of ensemble Pd active sites on
which ethanol oxidation takes place decreases, con-
tributing alongwith ligand effects to the decrease in Pd
EOR activity. In the thick shell octahedra, on the other
hand, neither strain nor ligand nor ensemble effects
are present, and the Pd shell acts much like a pure
Pd catalyst. There is no Au-induced lattice expansion
to promote activity and activity remains low. Activity
decreases with repeated cycling, possibly due to poi-
soning or oxidation of the Pd surface, which is not
protected by Au alloying as in the thin shell case.43,44

CONCLUSION

In this study, Au�Pd core�shell octahedral NPs with
tunable thicknesses were synthesized and tested elec-
trochemically. It was found that under electrochemical
conditions Au migrates outward from the core to the
shell, and the extent of migration depends on the
identity andpHof theelectrolyte, aswell as the potential
range used. STEM/EDX imaging and mapping of the
octahedra post-electrochemical cycling and voltam-
metric profiles of an Au/Pd mixture provide evidence
for the compositional and structural changes occurring
by a combination of both Au migration and Pd dissolu-
tion mechanisms. Lastly, thin and thick shell Au�Pd
core�shell octahedra were compared as EOR catalysts.
It was found that migration was more prevalent in the
thin shell particles, at first promoting EOR activity by
strain effects but then inhibiting activity by ligand and
ensemble effects. The thick octahedral shell prevented
migration but also inhibited Au-induced strain effects,
resulting in overall low catalytic activity. These results
are interesting and instructive: in many reported bime-
tallic NP studies, scientists have focused on the activity
of the first few electrocatalytic cycles, which has con-
tributed a great understanding of ligand, strain, and
ensemble effects. Yet, this study shows that structure
and composition, and therefore activity, change over
time during electrocatalysis. In addition, these results
indicate that metal migration could be used to our
advantage, by subjecting particles to electrochemical
conditions to achieve a specific amount of migration,
before using the particles as catalysts. Ligand, strain, and
ensemble effects play different roles in tuning catalytic

Figure 6. (a, b) Ethanol oxidation reaction (EOR) performedon thin and thick shell Au�Pd core�shell octahedra, respectively,
in 1 M KOH þ 1 M ethanol. (c, d) Plots of EOR current density versus cycle number for thin and thick shell octahedra,
respectively, for peaks I�IV as labeled in (a).
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activity at different stages of migration; thus, by
selecting a number of electrochemical cycles we

couldmanipulatemigration to optimize thesebimetallic
effects and achieve enhanced catalytic activity.

METHODS

Chemicals. L-Ascorbic acid (99%), hydrochloric acid (HCl,
37%), palladium(II) chloride (PdCl2, 99%), gold(III) chloride tri-
hydrate (AuCl3 3 3H2O, ∼50% Au by wt), sodium citrate tribasic
dihydrate (Na3C6H5O7 3 2H2O, 99.5%), and perchloric acid
(HClO4, 70%) were all obtained from Sigma-Aldrich. Cetyltri-
methylammonium bromide (98%) was obtained from Calbio-
chem. Cetyltrimethylammonium chloride (99%) was obtained
from Fluka. Sulfuric acid (H2SO4, 95%) and sodium hydroxide
(NaOH, 95%) were obtained from BDH. Nitrogen gas (99%) was
obtained from Airgas. Ethanol (CH3OH, 99.8%) was obtained
from Acros. Deionized water (18.2 MΩ) was used in all proce-
dures. Hydrochloric acid was used to prepare the acidic pre-
cursors for gold and palladium. Concentrated HCl was diluted,
added to a beaker containing themetal chloride salt, and stirred
under gentle heating to produce the 0.01 M stock solutions.

Synthesis of 30 nm Au Nanooctahedra. First, deionized water
(97 mL) was added to a glass hydrothermal vessel that con-
tained CTAB (550 mg), and sonication was applied to dissolve
the CTAB. Next, a 0.01 M solution of HAuCl4 (2.500 mL) was
added, along with a 0.1 M solution of sodium citrate (0.500 mL).
The hydrothermal vessel was placed in an oven at 110 �C for
24 h. The final solution was centrifuged at 6000 rpm for 20 min.
This process was repeated two more times to ensure that any
excess surfactant was removed. Lastly, the resulting clear super-
natant was discarded, and the particles were redispersed in
water (10 mL).

Synthesis of 35 nm Au�Pd Core�Shell Nanooctahedra. First, deio-
nized water (10 mL) was added to a 20 mL vial containing CTAB
(50 mg), and sonication was applied to dissolve the CTAB. Then,
a portion of 30 nm Au octahedral seeds (0.500 mL) was added
to the solution. Next, a portion of 0.01 M solution of H2PdCl4
(15 or 50 μL) was added, alongwith a 0.04M solution of ascorbic
acid (0.100 mL). A stir bar was added, and the capped vial
was placed in a water bath at 40 �C for 24 h with gentle stirring.
These particles were washed by centrifugation at 6000 rpm for
10 min. This process was repeated two more times. The final
clear supernatant was discarded, and the particles were redis-
persed in water (1 mL). Synthesis with 15 μL of 0.01 M H2PdCl4
gave core�shell nanooctahedra with a ∼1.5 nm shell, while
synthesis with 50 μL of 0.01 M H2PdCl4 gave core�shell
nanooctahedra with a ∼4.5 nm shell.

Characterization. Samples were prepared for TEM by washing
several times with DI water and placing 1.0 μL droplets of
particle solutions on carbon-coated copper grids, which were
then allowed to dry in air. The instrument used for TEM was a
JEOL JEM2010F operated at 200 kV. High-resolution STEM and
EDX mapping experiments were performed on a FEI Probe Cs
corrected Titan operating at 200 kV. The high-angle annular
dark field (HAADF) images were acquired by a Fischione HAADF
detector, and the EDX maps were acquired by ChemiSTEM
technology with four windowless SDD detectors. This instru-
ment incorporates the condenser spherical aberration corrector
and X-FEG with probe current 0.4 nA in a 0.31 nm spot and
can achieve a resolution of 0.08 nm as well as efficient X-ray
collection rate.

Electrochemical Measurements. A concentrated particle solution
(5 μL) was deposited onto the previously alumina-polished
surface of a glassy carbon working electrode (CH Instruments).
A typical three-electrode system was used to perform the
electrochemical experiments: a glassy carbon working elec-
trode with deposited particles, a saturated calomel electrode
(SCE) reference electrode, and a platinum auxiliary electrode
(both CH Instruments) were connected to a potentiostat system
(BioLogic VSP). The electrodes were put into a three-neck flask
containing aqueous electrolyte solutions that had been pre-
viously bubbled with nitrogen gas. Voltammetric profiles were
carried out in 0.5 M H2SO4 scanning from �0.19 to 1.46 V at

50 mV/s; in 0.5 M HClO4 from �0.19 to 1.46 V at 50 mV/s; and
in 0.5 M KOH from �1.0 to 0.6 V at 50 mV/s. Ethanol oxidation
was performed in a 1 M KOH þ 1 M ethanol solution, scanning
from �0.8 to 0.3 V at a scan rate of 50 mV/s. The current was
normalized by Pd area, determined bymeasuring the hydrogen
adsorption/desorption charge in a sulfuric acid blank scan.
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