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he bulk fabrication of advanced bime-
Ttallic nanostructures with exceptional

catalytic,"* magnetic>* thermal> and
optical®” properties is a prerequisite for their
wide applicability in nanotechnology. Bimetal-
lic core—shell nanostructures, made with an
active-metal shell supported on another metal
as a core element, are emerging as one of the
most promising solutions able to address these
requirements. Such bimetallic core—shell na-
nostructures with enhanced nanoscale proper-
ties are of interest due to their potential as
highly efficient catalysts,®° magnetic compo-
nents for ultra-high-density memory devices,2°
and sensors in the biomedical field."
Among bimetallic core—shell nanostruc-
tures, Pt ultrathin layered shells on the sur-
face of a dimensionally stable M metal core
(Mcoreptultrathin—shellr where M is the noble
and 3d-transition metals) nanoparticles
(NPs) are achieving prominence due to their
multifunctionalities and enhanced properties
that can be broadly exploited for those
applications."’~'® The most widespread role
of platinum is as a catalyst, particularly in the
automobile industry, petrochemical industry,
fuel cells, biosensors, etc.'* As Pt is tremen-
dously expensive, it is highly beneficial to
reduce the amount of Pt. The M gePtuitrathin-shell
NPs comprise a very low Pt content in their
outer ultrathin layer shell and are one of the
best solutions to addressing this issue, an
approach that can cut back the Pt cost while
enhancing catalytic activity.

Although these bimetallic core—shell na-
nostructures are of significance, the conven-
tional synthetic approaches have not been
successful in producing high-quality core—
shell NPs. These difficulties are due to sev-
eral factors including random nucleation
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ABSTRACT

Although bimetallic core@shell structured nanopartides (NPs) are achieving prominence due to their
multifunctionalities and exceptional catalytic, magnetic, thermal, and optical properties, the rationale
underlying their design remains unclear. Here we report a kinetically controlled autocatalytic chemical
process, adaptable for use as a general protocol for the fabrication of bimetallic core@shell structured
NPs, in which a saaificial Cu ultrathin layer is autocatalytically deposited on a dimensionally stable
noble-metal core under kinetically controlled conditions, which is then displaced to form an active
ultrathin metal-layered shell by redox—transmetalation. Unlike thermodynamically controlled under-
potential deposition processes, this general strategy allows for the scaling-up of production of high-
quality core—shell structured NPs, without the need for any additional reducing agents and/or
electrochemical treatments, some examples being Pd@Pt, Pt@Pd, Ir@Pt, and Ir@Pd. Having immediate
and obvious commercial potential, Pd@Pt NPs have been systematically characterized by in situ X-ray
absorption, electrochemical-FTIR, transmission electron microscopy, and electrochemical techniques,
both during synthesis and subsequently during testing in one particularly important catalytic reaction,
namely, the oxygen reduction reaction, which is pivotal in fuel cell operation. It was found that the
bimetallic Pd@Pt NPs exhibited a significantly enhanced electrocatalytic activity, with respect to this
reaction, in comparison with their monometallic counterparts.

KEYWORDS: kinetically controlled - autocatalytic - core—shell - Pd@Pt - Pt
ultrathin layer
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Here we report a first-principles theoretical guided
synthesis and characterization of selected core—shell
NPs and demonstrate their unique properties using an
oxygen reduction reaction (ORR), a key reaction for the
practical implementation of hydrogen fuel cells. We
additionally examine the general applicability of the
designed strategy for the other core—shell NPs, e.g.,
Pt@Pd, Ir@Pt, and Ir@Pd. The PdcorePtuitrathin-sheil NPS
were chosen as a primary example since Adzic et al.'?
found that the ORR activity of a Pt-layered shell sup-
ported on Au(111), Rh(111), Pd(111), Ru(0001), and
Ir(111) follows a volcano-type profile with respect to
the center of their d-bands, with the Pt-layered shell on
Pd(111) showing the highest activity, and thereby
could address the principal drawbacks in this applica-
tion, namely, the sluggish kinetics and high Pt-loading
associated with the ORR.'®"”

Similarly, the fabrication of these Pd orePtuitrathin-shell
NPs is an ongoing challenge. In the established re-
dox—transmetalation approach,’ the Pd-core NPs are
directly refluxed with the Pt-salt precursor, often lead-
ing to the formation a dense array of Pt dendritic
branches, rather than a uniform Pt ultrathin layer
shell.'®'® This outcome has been attributed to the
small lattice mismatch (~0.77%) between these two
metals, as the spontaneous epitaxial growth of Pt on
the Pd core is thermodynamically favored.?®*' When
these Pd NPs undergo a redox reaction with the Ptions,
which have a higher equilibrium potential, the un-
wanted dissolution of the Pd NPs also takes place.
Toshima et al.?>?3 protected the surface of the Pd core
with a sacrificial hydrogen layer before contacting with
Pt ions. This redox approach, in which the adsorbed
hydrogen layer was oxidized by Pt ions, prevents the
dissolution of the Pd core. However, producing a Pt
ultrathin layer remains a challenging task, since the
previously formed Pt layer is still active toward hydro-
gen and so can create additional thick Pt layers.

Adzic et al.'>'3?**?> ysed the redox displacement of
previously deposited Cu, by the under-potential de-
position (UPD) of adatoms on a Pd surface, to form Pt-
monolayered NPs. UPD involves the deposition of an
adatom on a foreign-metal substrate at a potential
more positive than that predicted by the Nernst equa-
tion. Applying this potential makes the strength of the
interactions between the adatom and the substrate
greater than among the adatoms, during spontaneous
deposition under thermodynamically controlled con-
ditions. However, since the synthesis was carried out
electrochemically on a glassy carbon electrode, the
resulting quantity of Pt monolayered electrocatalyst
was limited to a few tens of micrograms.?®

To scale-up production, we started from first princi-
ples using DFT to search for a nonelectrochemical way
of depositing a Cu ultrathin layer on a Pd/C core, which
we could displace to form a Pt ultrathin layer shell.
The present approach, which overcomes the Cu-UPD
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Figure 1. (A) DFT model of the top view of the Pd(111) slab
system, together with (B) its corresponding contour maps
and (C) potential energy profile for the dissociative adsorp-
tion of hydrogen, in comparison with that of the
cuuItrathin»sheIIPdcore(1 1 1) slab SyStem (D_F)

process's limited production capacity, utilizes the
strong reducing ability of the metal-hydride/adsorbed
hydrogen on the palladium's surface.”” Here the elec-
trons from the sacrificial oxidation of the adsorbed
hydrogen layer on Pd are used for the reduction of the
Cu salt and the deposition of a Cu ultrathin layer on the
Pd core's surface. It is well known that hydrogen is
easily adsorbed and split on the surface of noble metals
to form hydrides. This hydride/adsorbed hydrogen has
a strong reducing ability, suggesting very low equilib-
rium potential.®*?> When metal ions having a higher
equilibrium potential (e.g., Cu*", Cu*" + 2e~ — Cuy,
0.34 V) approach the adsorbed hydrogen, they can be
reduced by sacrificial oxidation of the adsorbed hydro-
gen, resulting in the deposition of Cu on the Pd surface
under favorable redox condition (AE° > 0). Since the Cu
metal surface is substantially inactive toward hydro-
gen, there is a large barrier against Cu dissociating the
hydrogen molecule, e.g., adsorbing and splitting it to
form hydride. The lack of hydride on the Cu surface
prevents the initiation of self-nucleation, leading to the
formation of a Cu ultrathin layer on the Pd surface
(PdcoreCUyitrathin-shenn structure). Our DFT modeling
study clearly predicts this sort of kinetically controlled
behavior (Figure 1). The Cu ultrathin layer is sacrificially
oxidized by Pt redox—transmetalation, to form a Pt
ultrathin layer on Pd.

This autocatalytic process has several advantages:
(1) no additional reducing agent and electrochemical
treatments are needed, (2) layer deposition occurs only
on the core's surface, (3) the original size and shape of
the core are maintained, and (4) significant quantities
of the core—shell NPs can be prepared.
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RESULTS AND DISCUSSION

We have used DFT modeling to illustrate the rela-
tionship between the metal's surface with its adsorbate
and various catalytic processes,® 3 e.g., to show the
way hydrogen adsorbate dissociates on Pd(111) and
CUyitrathin-shelPdeore(111) surfaces. In Figure 1A, the
Pd(111) system was modeled using four-layer slabs of
a Pd fcc lattice, nine atoms per layer, a 3 x 3 supercell
with dimensions of 8.253 x 8.253 x 18.493 A3, expos-
ing the (111) facet. A similar configuration was adopted
for the Cuygrathin-shellPdeore(111), with the top layer of
Pd atoms being replaced with Cu atoms (Figure 1D). Its
corresponding contour map, which depicts the elec-
tron density contour of the plane cut through the Cu
atom and Pd atom at the center site (Figure 1E), is
clearly different from that of Pd(111) (see Figure 1B).
This, consequently, may give different energy barriers
for hydrogen dissociation on these two metal surfaces.

The geometries of the adsorbed sites in each path-
way and their corresponding potential energy profiles
are illustrated in Figure 1. In the initial state (IS), the
hydrogen molecule preferentially adsorbs on 3-fold
sites of the Pd(111) and Cuytrathin-shellPdcore(111) slab
surfaces, since these sites have the larger coordination
number and, thus, present the most stable sites. At the
transition state (TS), the bond breaking of hydrogen
molecules takes place given a sufficient energy. Simul-
taneous bond formation between the adsorbate and
the substrate takes place in the final state (FS). We have
calculated the dissociation energy barriers (Eq) in-
volved in hydrogen bond breaking on both slab sur-
faces. The pure Pd(111) slab has a dissociation energy
barrier of only 0.08 eV; thus the Pd surface easily
adsorbs and spontaneously splits hydrogen.?'
The dissociation energy barrier (0.23 eV) on the
CUmonolayerPdcore(111) surface is significantly higher,
implying that the Cu-monolayer layer is inert toward
hydrogen and therefore cannot form additional thick
Cu layers because the process is kinetically controlled.
This contrasts with conventional thermodynamically
controlled Cu-UPD processes.

This Cu ultrathin layer then generates a Pt ultrathin
layer on Pd by redox—transmetalation; that is, the Cu
ultrathin layer is sacrificially oxidized to generate electrons
for the reduction of Pt, thereby depositing a Pt ultrathin
layer on the Pd core (see Figure 2A). To characterize the
Pd—Cu and Pd—Pt core—shell structures, we performed
in situ X-ray absorption (XAS) measurements > as
shown in Figure 2. XAS spectroscopy, encompassing
both the X-ray absorption near-edge structure (XANES)
and the extended X-ray absorption fine structure
(EXAFS), is a powerful structural/characterization tech-
nique for investigating oxidation states and the environ-
ment surrounding an absorbing atom. The modules of
the Pd k-edge of the Fourier transform (FT) obtained for
all the PdcorePtuitrathinshet/C NP reaction steps during
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preparation are shown in Figure 2B. The corresponding
EXAFS fitting parameters are listed in the Supporting
Information, Table S1.In stage 1, compared to the Pd foil,
the transformation of the commercial Pd/C NPs shows an
additional peak at ~1.99 A, attributed to the presence of a
Pd—O bond, characteristic of partially oxidized Pd/C. In
stage 2, this partially oxidized sample was hydrogen
purged for 2 h. As a result, the peak attributed to Pd—O
disappeared, while a Pd—Pd bond located at ~2.79 A
increased in intensity, indicating the Pd/C sample is in a
metallic state (Pd®). These changes correspond to coor-
dination number changes for Pd—Pd (Npy_pg) increasing
from 4.25 to 7.08 (Table S1).

In stage 3, the Cu precursor was added and hydro-
gen purging continued for 6 h to form a surface Cu
ultrathin layer, as shown in the FT-EXAFS and XANES
spectra. The XANES spectra at the Cu K-edge for the
0.05 M CuCl; solution (black line), PdoreCUyitrathin-shell/C
NPs (red line), and Cu foil reference (green line) are
shown in Figure 2C, left. The XANES profile of the Cu
precursor, i.e.,, CuCl,, exhibits a sharp peak at 8995 eV
corresponding to the +2 oxidation state.® The inten-
sity of this sharp peak (termed a white line), attributed
to the 1s — 4p electronic transition, is sensitive to the
oxidation state of Cu. After the introduction of a Cu
precursor into a suspension of hydrogen-purged NPs,
the white line intensity decreased gradually and
reached a similar intensity to that of Cu foil, indicating
the reduction of Cu®" to Cu®. After 6 h there was a shift
in the edge energy to a lower value (~3 eV). In addition
to a white line feature, a pre-edge feature originating
from the 1s — 3d transition®® is observed at 8980 eV,
about 12 eV below the white line peak, which is similar
to that of Cu foil. Since the pre-edge peak is a finger-
print for copper metal, its appearance suggests that a
Cu ultrathin layer in the metallic state (Cu®) had been
formed. Using EXAFS-based methodology, we have
shown that the structure of bimetallic core—shell NPs
can be influenced by the atomic distribution between
two constituent elements.>® The same EXAFS-based
methodology was used to confirm the formation of the
core—shell structure of Pd—Cu NPs. First, we calculated
the total number of Pd and Cu atoms around Pd
(3Npd—i = Npq_pd + Npg—_cu) and Cu (ENcy—i = Ney—cu +
Ncu_pd). If INpg_i > SNcy_i, then the NPs possess a
Pdcore—CuUsher Structure. It was observed that for the
NPs 3Npg_i > XNcy—iand Npg_pg > Ney—cu > Npa—cu (see
Table S1). It has been shown that for a homogeneous
system of A—B bimetallic NPs with a core composed of
N atoms of A and a surface made of N atoms of B, the
total coordination number for the A atom (Na_i=Na_a +
Na_g) is greater than the total coordination for the B
atom (Ng_; = Ng_n + Ng_g).>° In this case, the interac-
tions at equilibrium follow the order Na_p > Ng_g >
Na_g.>° Hence, the observed parameter relationships,
3Npg—i>ZNcy—iand Npy_pg > Neu—cu > Npd—cu SUppoTt
the Pdcore—CuUghen Structural assignment for the
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Figure 2. In situ X-ray absorption techniques used for probing the reaction mechanism of the Pd ,cPtyjtrathin-shen/C NPs. (A)
Illustration of the synthesis of Pd o ePtyitrathin-shell/C NPs based on an electroless method with the corresponding (B) FT-EXAFS
spectra at the Pd K-edge for various reaction steps, and (C) XANES spectra at the Cu K- and Pt L;-edges during formation of

Pdcorecuultrathin—shell/c and Pdcoreptultrathin-shell/C NPs, respeCtively'

PdcoreCUyitrathin-shet/C NPs. The present method also
allows a Cu ultrathin layer to be deposited on other
highly reactive noble metal surfaces, e.g., Pt and Ir (see
Figure S2). Utilizing these two reactive metals as the
core NPs, various core—shell structured NPs such as
Pt@Pd, Ir@Pt, and Ir@Pd can be prepared by this
general method.

Finally, the Cu ultrathin layer was sacrificially oxi-
dized by the Pt precursor, ie., K;PtCly, to form a Pt
monolayer on the Pd/C NPs via redox—transmetala-
tion. Using the same argument with a Pd¢oe—CUgpel
structure that was previously confirmed by XAS, we see
in Figure 2C, right, that the XANES spectrum for the
PdcorePtuitrathin-shen/C NPs at the Pt Ls-edge is similar to
that of Pt foil, indicating a Pt ultrathin layer in a
metallic state (Pt°) had been formed on the Pd/C
surface. The observed parameter relationship in Ta-
ble ST shows YNpg_; > ¥Npi_; and Npg_pgq > Npi_py >
Npg_prand confirms the Pd g, —Ptshe Structure of the
PdcorePtultrathin—shelI/C NPs.

We additionally performed an in situ electrochemical
analysis to confirm the formation of Cu ultrathin
layered Pd/C NPs. The stripping voltammograms of
the adsorbed hydrogen and the Cu ultrathin layer are
shown in Figure 3A. The striping voltammogram for
adsorbed hydrogen on Pd/C was obtained after hydrogen
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adsorption (applied potential at 0.00 V), in an electrolyte
solution (0.5 M H,S0,) at 30 °C; the potential was scanned
at 10 mV-s ', The stripping curve for the adsorbed
hydrogen shows two distinctive desorption peaks in the
potential region between 0 and 0.3 V, associated with the
oxidation of previously adsorbed hydrogen (2H = 2H™ +
2e") on different Pd crystalline facets.”® This suggests
that the Pd/C NPs have a strong reactivity toward hydro-
gen; that is, they absorb, adsorb, split, and oxidize it to
generate electrons® that can reduce metal ions such as
Cu*" and in doing so deposit only a Cu ultrathin layer on
the Pd/C NP's surface. The existence of this Cu ultrathin
layer correlates well with the stripping voltammogram of
the PdcoreCUyitrathin-shet/C NPs (Figure 3A). The stripping
voltammogram was produced as follows: the Pd/C NP's
surface was initially treated with hydrogen in a 0.5 M
H,SO, electrolyte solution. Next CuSO4 (0.01 M) was
added and the hydrogen purge was continued to ensure
that sufficient hydrogen was adsorbed on the NPs to
reduce the Cu*" ions to form the sacrificial Cu ultrathin
layer.

During the above formation of the sacrificial Cu
ultrathin layer, hydrogen is probably absorbed first,
then spontaneously diffuses out to the surface of the
Pd surface, and subsequently consumed once the Cu**
ions are introduced into the solution, as the ratio of the
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Figure 3. In situ electrochemical analysis comparing Cu-deposition processes under kinetically and thermodynamically
controlled conditions. (A) Stripping voltammograms of the adsorbed hydrogen monolayer (—O—) and the adsorbed Cu
ultrathin layer (—A—) on Pd/C NPs using an electroless method, and (B) stripping voltammograms of the adsorbed Cu layers
on Pd/C NPs using electrochemical treatments, i.e., at various applied potentials. Electrolyte: 0.5 M H,SO,; temperature: 30 °C.

electron valence of Cu®" to e~ (from dissociated
hydrogen) is 2:1. Thus, it is important to constantly
purge the hydrogen gas during the synthesis, ensuring
a sufficient amount of electron flow from the disso-
ciated hydrogen atoms to complete the layer deposi-
tion of Cu atoms and form the Cu ultrathin layer. The
situation is different if the hydrogen is not constantly
purged, in which case the generated electrons from
the dissociated hydrogen would be insufficient to form
a complete Cu ultrathin layer.

The Cu®" ions displaced all the adsorbed hydro-
gen from the NPs' surfaces, which is apparent from
the suppression of the hydrogen desorption peaks
(Figure 3A). The reduction and deposition of the
corresponding Cu?" ions to form a Cu ultrathin layer
appear as a strong desorption peak located at ca. 0.38
V% In a previous study, Adzic et al.*® located the
stripping Cu-bulk deposition peak, for agglomerated
Cu, at a much lower onset potential, 0.21 V, which is
different from the value found for the Cu ultrathin layer
presented here.

From Figure 3, we also calculated the ratio between
the stripping Cu and H charges (Qc./Qp). This deter-
mines whether, for this present method, itis possible to
form a well-ordered Cu ultrathin layer on the NP's
surface, without the three-dimensional (3D) growth
of bulk Cu. To quantify Q4 and Qc,, calculations similar
to those reported by Green et al.*' have been used. The
Qc./Qy ratio was found to be about 2, a condition
where the copper atoms adsorb on the Pd metal
surface at the same sites as hydrogen to form a well-
ordered Cu ultrathin layer,*'"*?

The cyclic voltammograms (CVs) for the Cu ultrathin
layer stripping as a function of deposition time are
shown in the supplementary Figure S3. For each strip-
ping, the first CV cycle depicts the stripping curve of
the adsorbed Cu atoms on the Pd/C NPs. During the
forward step in this first CV cycle [typically after 6 h of
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deposition (Figure S3E)], the peak characteristic of bulk
absorbed and subsequent adsorbed hydrogen atoms
(Hags) was suppressed due to the presence of the
adsorbed Cu ultrathin layer (ca. 0.38 V), whereas a peak
corresponding to additional growth of Cu-bulk layers
was not observed. This Cu ultrathin layer formation was
maintained, and importantly no additional growth of
Cu bulk was formed, even after the reaction was
extended up to 8 h (Figure S3F). On the second sweep,
performed after stripping Cu, the voltammograms
mirrored those observed for Pd/C NPs (i.e., the absence
of adsorbed Cu). These results emphasize the viability
of the present method in achieving only a Cu ultrathin
layer deposition on a Pd core surface.

For comparison we conducted a parallel study in
which the Cu layers were deposited on a Pd/C surface
using an electrochemical (UPD) method, in which
holding potentials were employed, to deposit Cu layers
in a thermodynamically controlled reaction. A Cu mono-
layer can be formed at a holding potential of 0.28 V
(Ehota-3), @s indicated with black arrows (Figure 3B). How-
ever, the holding potential associated with this Cu-UPD
monolayer must be determined carefully; otherwise it
may form an incomplete Cu-UPD monolayer and/or
additional bulk Cu deposits.”' For example, a slight
change in the holding potential to a lower value, eg,
Enold-1 @and Enoia-2, triggers the growth of additional bulk
Cu, as indicated by the strong peak located at ca. 0.28 V.

For the reduction reaction of Cu*" + 2e™ — Cuy, at
standard conditions, the bulk Cu(, will be deposited at
the equilibrium potential (Epy.cu) of 0.3402 V, in
accordance with the Nernst equation:

RT
nF
where E2, = 03402 V, R = 8.31441 J-mol "K', F =

96484.6 C-mol ™', Cc- = 1 M, and n =2, at a temperature
() of 298 K. In general, when the Cu*" concentration is

Epuicu = E2, +—In[Cepo+] (1)
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less than under standard conditions (Cc.: = 1 M), the
equilibrium will shift to the left. This means that the
equilibrium potential (Epui.cu) for the bulk-Cu deposition
will shift to negative. Our experiments in the present
study used a Cu solution, i.e, Cc2+, at the concentration
0.01 M and a temperature (T) of 303 K (30 °C), which leads
to bulk-Cu deposition at the equilibrium potential
(Epuikcw) Of 0.28 V. It is noteworthy that the peak asso-
ciated with the bulk-Cu deposition in Figure 3B, which is
located at 0.28 V, matches that predicted from the Nernst
equation.

The same Pd/C catalyst was also used to perform a
kinetically controlled Cu ultrathin layer deposition
(Figure 3A and Figure S3): it was found that a strong
desorption peak associated with the Cu ultrathin layer
was located at ca. 0.38 V, similar with that of a thermo-
dynamic Cu-UPD process (Figure 3B).

The present kinetically controlled method achieves
the formation of a Cu ultrathin layer and overcomes the
problem of the 3D growth of bulk Cu associated with
the thermodynamically controlled electrochemical
method. In our previous study,** two principle reaction
mechanisms were proposed to account for the auto-
catalytic reduction process: the first is a chemical
mechanism, while the second is an electrochemical
mechanism. In the chemical mechanism, there are two
proposed explanations. The first is the “atomic hydro-
gen mechanism” proposed by Brenner and Riddle,
while the second is the “hydride ion mechanism”
proposed by Hersch. In this chemical mechanism, a
kinetically controlled reaction is envisioned to take place
because the Pd surface is the only catalytically active site
for the adsorption of hydrogen and/or the hydride that
can be used for reducing and depositing Cu atoms,
whereas the predeposited Cu atoms are not an active
site for this mechanism and thus restrict the growth of Cu
layers on this predeposited Cu surface. This sort of
kinetically controlled reaction in the chemical mechanism
is also consistent with a previous discussion on DFT
results in Figure 1. Meanwhile, if the Cu deposition is
based on an electrochemical mechanism, some Cu atoms
are probably also deposited on the previously formed Cu
layer since the electrons can go through everywhere in
this mechanism. However, using the DFT data presented
in Supplementary Figure S4 and Table S2, this possibility
can be ruled out, since the binding energy of Pd—Cu
(—8.88 €V) is much stronger than that of the Cu—Cu
(—5.58 eV) interaction; thus the Cu atoms preferred
deposition on the Pd-core surface as a Cu ultrathin layer.
This means no matter which mechanism, either the
chemical or electrochemical mechanism, is involved in
the process, Cu ultrathin layer deposition on the Pd-core
surface can always be obtained. This is also consistent
with the experimental results.

The Cu ultrathin layer was then used to form a Pt
ultrathin layer on the Pd/C NPs, and the resulting material
was characterized using in situ electrochemical FTIR

TAUFANY ET AL.

#2089 cm’!
\? : 5%“"'.‘\.1:' i
gﬁ;_giqminaha;w

Absorbance

L] L]
2250 2000
Wavenumber (cm )

Figure 4. FTIR spectra of (—O—) Pd/C, (—A—) Pt/C, and
(—©—) PdcorePtultrathin-shen/C NPs with the adsorption of CO
at 0.05 V recorded using a spectral resolution of 8 cm™ " in
0.1 M HCIO,. Inset: multiadsorbed CO molecules on the slab
system constructed by the DFT modeling.

(EC-FTIR) measurements. The FTIR spectra for the Pd/C,
Pt/C, and PdorePtyirathinshe/C NPs samples were re-
corded after the CO adsorption at 0.05 V (Figure 4). A
strong band at 1928 cm ™" was attributed to the stretch-
ing of bridged CO adsorbed on the surface of the Pd/C
catalyst. In contrast, the Pt/C catalyst shows a strong band
at 2051 cm ™', attributed to an adsorbed linear CO. These
FTIR-CO spectra are consistent with the reported Pd and
Pt studies*>*® It is noteworthy that in the case of the
Pd corePtuitrathin-shen/C catalyst the covering of the Pt ultra-
thin shell on the Pd core gave similar results to Pt/C,
where a linear CO adsorption band on the Pt ultrathin
shell appeared at 2059 cm ™. The band, associated with
CO adsorbed on Pd at 1928 cm ™', completely disap-
peared, proving that the Pd core was completely covered
by a Pt shell. In agreement with the FTIR-CO results, our
DFT modeling study based on the slab system verified
the differences in the stretching frequencies of the
adsorbed CO (see Table S3). After applying energy mini-
mization, the corresponding CO adsorption energies and
geometric properties are also consistent with previously
reported DFT studies.”®**** Taken together, DFT model-
ing and data from the FTIR-CO probe confirm that a
PdcorePtuitrathin-shell/C NPs structure is formed.

The synthesized PdcorePtuitrathinshen/C NPs were
found to be spherically shaped and reasonably well
dispersed with an average size of 4.5 nm (inset in
Figure 5A). The spherical shape homogeneity of the
NPs was maintained by depositing the Pt atoms only
on the top of the Pd core. It is important to note that
the self-nucleation of an additional thick Pt layer was
averted and that only a uniform Pt ultrathin layer on
the Pd/C NPs surface was generated. Recently, TEM has
been successfully utilized for the characterization of a
single core—shell particle, ie, a Pd—Pt core—shell nano-
plate with an edge length of over 50 nm.*® However, the
use of TEM is still limited by the low detector collection
efficiency, especially for small bimetallic NPs (<5 nm),
where the electron dosage required for successful TEM
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Figure 5. TEM images of the synthesized (A) Pd/C spherical and (B) Pd cubic NPs. Inset: Their corresponding images after the
deposition of a Pt ultrathin layer on Pd NPs with a different shape. (C) HAADF-STEM images of cubic-shaped Pd o ePtuitrathin-shellr
(D) its line profile analysis along line 1 in panel C, and (E) its EDX spectrum together with the corresponding bimetallic Pd:Pt atomic

composition results.

analysis is often too high and beyond the radiation
damage thresholds of the NPs,*” and this may also
change the NPs' position. To demonstrate the via-
bility of the present strategy, we used Pd nanocubes
(~10 nm), adopting a method proposed by Xia et
al.*® As can be seen from Figure 5B, these cubic NPs
comprising a Pd(100) facet were uniformly covered
with a relatively darker colored ultrathin shell
of Pt and clearly not nucleated Pt-NPs, which also
indicates the formation of well-defined core—shell
structure. From the HAADF-STEM image (Figure 5C),
a line-profile analysis was performed, the results of
which, presented in Figure 5D, show that the thick-
ness of the Pt shell was approximately 0.3 nm, which
is close to the thickness of a Pt ultrathin layer. The
corresponding EDX spectrum (Figure 5E) shows a
Pd:Pt atomic ratio of around 7.27:1, which is close
to the theoretical value (8:1) for the cubic Pdge
Ptuitrathin-shell NPs with a size of around 10 nm. In

TAUFANY ET AL.

addition, STEM-EDX measurements on the Cu
monolayer on the Pd nanocube were performed
(see supplementary Figure S5). It is clear that the
line profile of this PdoreClUyitrathin-shen CUbic sample
demonstrates a similarity to the core-monolayered
shell structure of the Pd—Pt system. The thickness of
the Cu shell is also approximately 0.3 nm, thus
indicating a Cu ultrathin layer was formed using
our strategy.

In order to examine if the redox—transmetalation
reaction of Cu by Pt is complete, XANES measurements
particularly at the Cu K-edge were performed, and it
was found that the as-prepared spherical-shaped
Pd@Pt/C NPs contain only an insignificant quantity of
2.3% Cu residues (Figure S6) that can be easily re-
moved by a simple electrochemical treatment, ie, a
repetitive cycling treatment for 10 cycles with a scan range
of 0.00 to 1.05 Vg at a scan rate of 0.05 V-s~' in 0.5 M
H,SO, electrolyte solution. This electrochemical treatment
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Figure 6. (A) Example of the application of the Pd o,ePtyitrathin-shenl/C NPs: an oxidation reduction reaction in hydrogen fuel
cells, showing the corresponding linear scan voltammograms (LSVs) recorded at 1 mV-s~" for this reaction at 1600 rpm in an
oxygen-saturated 0.5 M H,SO, solution. (B) Mass and specific activities for the Pd o cPtyitrathin-shen/C NPs in comparison with

their countermetallic Pd/C and Pt/C commercial catalysts.

has also been employed in the surface-sensitive-based
techniques, i.e., cyclic voltammograms measurements.
From these cyclic voltammograms (Figure S7A), we did
not find any trace of Cu residues, since the anodic and
cathodic peak currents, at a potential range of approxi-
mately 0.3—0.6 V, corresponding to the presence of
Cu were not observed. These findings indicate that
the redox—transmetalation process with subsequent
minor electrochemical treatments is exceptionally
effective in replacing the Cu layer to form a Pt layer
on the Pd core. A similar observation was also made
by Adzic et al.** who also employed an electroche-
mical treatment, i.e., a linear potential sweep with a
scan range up to 1.00 Vg, after the redox—transme-
talation reaction of Cu by Pt. They also found that the
Cu layer can be completely displaced by this com-
bined redox—transmetalation and subsequent elec-
trochemical processing. To give clear evidence of the
viability of the present strategy, we strictly per-
formed TEM-EDX measurements using Cu-free grids
(i.e., Mo grid) for the sample of the prepared sphe-
rical-shaped Pd@Pt/C NPs and electrochemically
treated Pd@Pt/C NPs. It is noteworthy that our find-
ings in EDX analyses are in good agreement with our
findings on XANES and electrochemical measure-
ments, where the insignificant 2.9% Cu residues
(Figure S8A) can be completely removed from the
sample (Figure S8B).

We have also performed TEM measurements with a
larger area (low-magnification) for the Pd@Pt NPs with
both the spherical and cubic shapes and provided their
particle size distributions. The particle size of the
spherical and cubic Pd@Pt NPs is found to be uniform
around 10.7 and 4.5 nm, respectively (Figure S9). In
addition, the TEM image for the cubic Pd@Pt NPs
shows that the Pd-core surface was uniformly cov-
ered with a Pt ultrathin layer. We also performed

TAUFANY ET AL.

powder-XRD measurements for both the spherical-
and cubic-shaped Pd@Pt NPs (Figure S10) and found
a size similarity to that from TEM measurements. To
be specific, the particle size of the spherical and
cubic Pd@Pt NPs, estimated by the Scherrer's equa-
tion, is found to be 10.6 and 4.3 nm, respectively.
Additionally in particular with the cubic-shaped
Pd@Pt NPs, we found two important main peaks
located at ~39° and ~46°, which represent the
(111) and (100) facets, respectively. The presence of
a strong (100) facet in addition to the (111) facet
indicates the existence of a cubic shape for this
particular Pd@Pt sample.

Figure 6 shows comparisons with carbon-based
counterparts, ie., the commercial BASF Pd/C and
E-tek Pt/C NPs (20 wt %). The data presented in
Figure 6A have been normalized to the geometric
area of the rotating disk electrode (0.1964 cm?), where
all the electrochemical measurements used the same
weight loading of an active metal, i.e, 0.22 mg-cm 2.
In particular for Pd oePtuitrathin-sheli/C NPs, the calcula-
tion is based on their active Pt metal shell. Mass and
specific activities at 0.9 Vgye are given as kinetic
current density (j) normalized in reference to the
weight loading amount and the electrochemically
active surface area (ECSA) of an active metal,
respectively.

The intrinsic ORR activities, both mass and specific
activities (ji) for the Pd/C, Pt/C, and Pd o ePtutrathin-shell/
C NPs under similar experimental conditions, were
calculated on the basis of the LSVs curves (Figure 6A).
In practice the ji value was calculated from the ORR-
LSVs curve by using mass-transport correction and
normalized to the weight loading amount and the
ECSA of an active metal in order to compare the
mass and specific activities of the NPs, respectively
(the detailed steps of the calculation are provided in
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the Supporting Information). The corresponding re-
sults are presented in Figure 6B. It can be seen that
PdcorePtuitrathinshe/C NPs show an enhancement in
both mass and specific activities compared to Pd/C
and Pt/C. To be specific, the PdcorePturtrathin-shen/C NPs
exhibited a specific activity of 665 yA-cm™2 at 0.9 V,
which is more than double that for Pt/C (268 uA-cm ™ ?)
and almost 20 times that for the Pd/C (37.5 uA-cm ™). For
a mass activity, a similar tendency is observed, where its
sequence follows the order Pd o ePtyirathin-shen/C > Pt/C >
Pd/C. In this study, the measured mass and specific
activities for this sort of Pt-monolayered nanostructure
are in good agreement with the reported values in the
literature, e.g., Adzic et al.'s work.>*

The sequence in the mass and specific activities is
also consistent with the results from the cyclic
voltammograms (Figure S7), where the Pt ultrathin
layer shifts the onset of metal-oxide formation and
oxide reduction (indicated with arrows) to more
positive potentials compared to the Pd/C NPs, in-
dicating that a Pt ultrathin layer inhibits surface
chemisorption of oxygenated species at high
potentials®> and could lead to an enhancement in
ORR kinetics.***° Reducing the Pt content of the
cathode electrocatalyst while increasing the activity
of Pt ultrathin layered NPs makes this particular Pt
ultrathin layered nanostructure a very promising

METHODS

Materials. Commercial Pd/C (20 wt %) catalyst was pur-
chased from BASF Fuel Cell Inc. and used as the core material.
The Cu and Pt precursor salts, i.e., K;PtCl, and CuCl, - 2H,0, were
purchased from Alfa Aesar. The ethanol (HPLC grade) was
purchased from Sigma Aldrich and used as received.

Synthesis of PdyePtyiratnin-shen/C Catalyst. The synthesis proce-
dure was initiated by sonicating 0.266 g of Pd/C catalyst in
50 mL of mixed solvent [ethanol—water (1:1)] for 1 h to form a
uniform suspension. This Pd/C suspension was then treated
with H, gas under constant stirring for 2 h. Later, an aqueous
solution of 50 mL of 5 x 103 M CuCl, was added into the
reaction flask containing a pretreated Pd/C suspension and
stirred for 6 h under constant H, gas purging. The resulting
nanoparticles were then isolated from their solvent using a
high-power centrifugal pump (20000 rpm for 30 min) and
redispersed in 50 mL of ethanol—water (1:1). Into this suspen-
sion was added an aqueous solution of 50 mL of 5 x 107> M
K,PtCl, at a flow rate of 1 mL/min. The reaction temperature was
raised to 60 °C at a heating rate of 5 °C/min and maintained for
another 6 h under a N, atmosphere using a standard airless
technique. Finally, the resulting product was washed by cen-
trifugation and then dried at 80 °C in an air oven for about 8 h.

In Situ EC-FTIR Measurements. A conventional three-electrode
electrochemical cell with a high surface area Pt counter elec-
trode and a saturated calomel electrode (SCE) reference elec-
trode, powered by a Solartron 1480 potentiostat/galvanostat,
was used. The working electrode was made of the catalyst slurry
with a loading of 37 ug of catalyst/cm? immobilized on a
polished Au surface (diameter of 1.3 cm) as described in our
previous report.?® Prior to the measurements, Ar gas was
purged into 0.1 M HCIO, electrolyte solution for 30 min,
following which 10 cycles of continuous cyclic voltammograms
(potential range 0.00—1.00 Vgye) were subsequently applied to
the catalyst. CO adsorption on the catalyst's surface was carried
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solution to one of the major problems of existing
fuel cell technology.

CONCLUSION

We have shown that the present kinetically con-
trolled autocatalytic chemical process can be effec-
tively used as a general protocol for the fabrication of
well-defined bimetallic core@shell structured NPs,
such as Pd@Pt, Pt@Pd, Ir@Pt, and Ir@Pd. The presented
method, which utilizes the strong reducing ability of
the adsorbed hydrogen on the surface of noble metals,
can reduce the Cu precursors and subsequently form
only a Cu ultrathin layer on these metals' surfaces. This
is because the Cu ultrathin layer is inactive toward
hydrogen and so can restrict the self-nucleation of
additional thick Cu atom layers. This sort of kinetically
controlled synthesis has been clearly described in our first-
principles DFT calculations, and it elegantly overcomes the
drawbacks of the conventional thermodynamically con-
trolled electrochemical (ie, UPD) method, namely, its
limited production capacity. The resulting Cu ultrathin
layer was sacrificially oxidized to form another metal
ultrathin layer shell through the redox process. The se-
lected core—shell NPs with their multifunctionalities and
enhanced properties have been tested in one particularly
critical catalytic reaction, this being the oxygen reduction
reaction in hydrogen fuel cells.

out by holding the potential at 0.05 V and simultaneously
purging CO gas into this HCIO, solution for 30 min. Next the
dissolved CO was removed by purging with N, gas for 15 min,
and the corresponding infrared spectrum for the adsorbed CO
was recorded afterward. The FTIR spectra were recorded using
the infrared end-station of a Thermo-Fisher-Nicolet Magna 860
spectrometer equipped with an MCT/A detector at the beam-
line BL14A1 of National Synchrotron Radiation Research Center
(NSRRC), Hsinchu, Taiwan. The configuration of the spectro-
electrochemical cell for this study was similar to that described
in our previous report.2®

TEM and in Situ XAS Measurements. A FEI-TEM-2000 microscope
was used in the TEM measurement and was operated at an
accelerating voltage of 3800 kV. Specimens were prepared by
ultrasonically suspending the nanoparticles in ethanol, which
were then applied to a molybdenum (Mo) grid and dried in air.
The XAS spectra were recorded at the Taiwan Beamline of
BLO7A1 and at BLO1C1 at the NSRRC, Hsinchu, Taiwan. The
electron storage ring of the NSRRC was operated at 1.5 GeV. A
double Si(111) crystal monochromator was employed for en-
ergy selection with a resolution AE/E better than 1 x 10~ *at the
Pt L3 (11564 eV), Cu K (8979 eV), and Pd K (24350 eV) edges. All
the spectra were recorded at room temperature in transmission
mode. Three gas-filled ionization chambers were used in series
to measure the intensities of the incident beam (ly), the beam
transmitted by the sample (I), and the beam subsequently
transmitted by the reference foil (/). The third ion chamber was
used in conjunction with the reference samples, which were a Pt
foil, a Cu foil, and a Pd foil for the Pt Ls-, Cu K-, and Pd K-edge
measurements, respectively. The control of parameters for
EXAFS measurements, data collection modes, and calculation
of errors was all done as per the guidelines set by the Interna-
tional XAFS Society Standards and Criteria Committee."*?

Computation Methodology. We employed the projector-aug-
mented waves (PAW)>3~>° generalized gradient approximation

VOL.5 = NO.12 = 9370-9381 =

2011 @%

a

N\

WWww.acsnhano.org

9378



(GGA)***” as implemented in the Vienna ab initio simulation
package (VASP).”87%° In the plane wave calculation, a cutoff
energy of 300 eV was applied for all the slab systems. Each slab
system consists of four layers with four atoms per layer. The
surface is constructed as a slab within the three-dimensional
periodic boundary conditions, and models are separated from
their images in the direction perpendicular to the surface by a
14 A vacuum layer. The bottom layer was kept fixed to the bulk
coordinates; full atomic relaxations were allowed for the top
three layers. For these calculations, a7 x 7 x 1 k-point mesh was
used in the 3 x 3 supercell. The atoms in the cell were allowed to
relax until the forces on unconstrained atoms were less than
0.05eVA~".

Electrode Preparation and Electrochemical Measurements. Millipore
water (18 M) and sulfuric acid (Across) were used. All experi-
ments were carried out at an ambient temperature of 30 £ 1 °C.
A conventional three-electrode electrochemical cell was used
for the electrochemical measurements, with a high surface area
Pt counter electrode and a SCE reference (all potentials in this
paper are quoted vs the RHE electrode), powered by a Solartron
(1480 model) potentiostat/galvanostat. The working electrode
was made of the carbon-supported Pt, Pd, and PdcorePtmonoshell
NPs immobilized on a glassy carbon electrode (GCE) surface.
The procedure for the electrode fabrication involved, first, the
preparation of a clear suspension by sonicating a known
amount of NP powder dispersed in 0.5% Nafion; second, placing
an aliquot of the suspension (7 uL of 6.2 uge-mL™" of the
catalyst) on the GCE disk; and third air-drying about 5 min at
room temperature and then at 80 °C to yield a uniform thin film
of the catalyst. Sulfuric acid (0.5 M) was used as a supporting
electrolyte for all the experiments. After fabrication the electro-
des were immersed in 200 mL of N,-saturated 0.5 M sulfuric
acid, and the potential was scanned from 0.00 to 1.05 Vgye about
10 cycles at a scan rate of 0.05 V-s~ for the pretreatment. The
cyclic voltammogram experiments were performed at a scan
rate of 10mV-s~' with a scan range 0.00—1.05 Vgyye. For the ORR
experiments, the same electrolyte solution was initially purged
with O, gas for 30 min. After this, the LSVs for the ORR were
recorded by sweeping the potential from 0.00 to 1.05 V at 1
mV-s™' at a rotation speed of 1600 rpm. Meanwhile the
detailed steps of calculation for the ECSA and intrinsic ORR
activity, i.e, mass and specific activities, are provided in the
Supporting Information.
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Supporting Information Available: Results showing the FT-
EXAFS spectra of the experimental and two-shell fitting data at
various reaction steps during the formation of the Pd o
Ptuitrathin-shell/C NPs (Figure S1) with their corresponding struc-
tural parameters (Table S1), Cu K-edge XANES spectra for the
deposition of Cu ultrathin layer on the surface of various noble
metal NPs, e.g., Pt/C and Ir/C (Figure S2), CVs in the in situ
stripping of the adsorbed Cu ultrathin layer on Pd/C NPs, as a
function of time (Figure S3), DFT modeling of a Cu atom
deposition on Pd(111) and Cu(111) slab surfaces (Figure S4)
with their corresponding binding energies (Table S2), HAADF-
STEM images of Pdcore—CUyitrathin-shell CUbic shape with its line-
profile analysis and EDX spectrum (Figure S5), XANES spectra of
the as-prepared spherical-shaped PdcoePtuitrathin-shen/C NPs at
the Pd K-, Cu K-, and Pt Ls-edges (Figure S6), cyclic voltammo-
grams for a Pt ultrathin layer on Pd/C NPs obtained via redox
displacement of Cu ultrathin layer compared with those of
monometallic Pd/C and Pt/C counterparts (Figure S7A), to-
gether with their corresponding ECSA values (Figure S7B),
stretching properties of the adsorbed CO on Pd (111), Pt
(111), and PtymonoshePdcore (111) slab systems calculated from
DFT modeling (Table S3), EDX spectra of the as-prepared and
electrochemically treated spherical-shaped Pd orePtuitrathin-shell/
C NPs together with their corresponding Pd:Pt:Cu atomic
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composition (Figure S8), TEM images of the spherical- and
cubic-shaped PdcorePtutrathin-shen NPs (Figure S9), and XRD
patterns of the spherical- and cubic-shaped PdqePtyitrathin-shell
NPs (Figure S10) are available free of charge via the Internet at
http://pubs.acs.org.
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