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ABSTRACT: Platinum monolayer core—shell nanocatalysts were shown to
have excellent catalytic activities and stabilities. Usually, they are fabricated
via electrochemical routes. Here, we report a surfactant-free, ethanol-based,
wet chemical approach to coating Pd nanoparticles with uniform Pt atomic
layers, inspired by aerobic alcohol oxidation catalyzed by the Pd cores. The
as-prepared Pt monolayer electrocatalysts also exhibited high electrocatalytic

performance toward the oxygen reduction reaction.
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latinum (Pt) is a catalyst of paramount importance for

many reactions, ~ such as the oxygen reduction reaction
(ORR) in fuel cells and batteries.* However, the high price and
limited reserves of Pt have posed a challenge of enhancing Pt
utilization in Pt-based catalysts.>® Recently, the Pt content has
been greatly reduced via core—shell nanostructures consistin§
of a Pt shell on appropriate monometallic or alloy cores.”
Especially, the highest Pt utilization along with enhanced
activities and durability have been achieved in the Pt monolayer
(Ptyy) nanocatalysts with a one-atom-thick Pt shell,’™*" where
every Pt atom is on the catalysts’ surface and available for
participating in electrocatalytic reactions.

The Pt monolayer deposition on various core nanoparticles
has been primarily accomplished in an electrochemical route
using galvanic displacement by Pt of Cu'’™" or other
metal'®™"® monolayers formed by underpotential deposition
(UPD). Alternatively, the adsorption/absorption of gas
molecules such as hydrogen'®~** or carbon monoxide®® can
be controlled to a suitable amount for Pty; deposition. The
combination of both methods is operative, as well.** These two
methods can eliminate the multiple layer growth of Pt by
having a limited amount of reducing agent right on the core
particles’ surface. However, compared with the significant
success with assistance of a reductant layer of metal atoms or
gas molecules, there are only a few reports on the epitaxial
growth of uniform and smooth Pty shell on core nanoparticles
by solution-phase syntheses.”*>°

Aerobic alcohol oxidation catalyzed heterogeneously by
metal catalysts has been extensively investigated for the
synthesis of valuable chemical precursors and intermedi-
ates.””?® Herein, we demonstrate that the ethanol oxidation
catalyzed by metal nanoparticles can be employed for the
epitaxial growth of Pty; on the metal particles. Ethanol, a
nontoxic liquid that can be produced from renewable sources,”
was employed as both reducing agent and solvent in the
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syntheses. We have recently demonstrated the successful
syntheses of highly ordered Ru—Pt core—shell nanoparticles
using the ethanol-based approach.** In a typical synthetic
procedure, ethanol oxidation was catalyzed by the core
nanoparticles and consequently generated electrons. These
electrons were then utilized in the reduction of [PtCls]*~ ions
to Pt atoms, which were coated on core nanoparticles, forming
atomic Pt layers. The reducing power of ethanol was tunable by
adjusting temperature, H,0, and pH (Supporting Information
Figure S1). The reaction temperature was optimized (vide
infra); water and base were added to provide hydroxide ions
that were critical during aerobic alcohol oxidation by facilitating
several elementary steps.”’ The simplicity of the ethanol-based
synthetic approach allows for high scalability and reproduci-
bility.

Carbon-supported palladium (Pd) nanoparticle was em-
ployed as the representative core to support the Pty shell in
this work because, among all noble metals, Pd was found to be
the most appropriate substrate for Pty toward the ORR.*?
After the Pt coating process, such Pd@Pt core—shell
nanoparticles were observed to be evenly dispersed on the
carbon support, shown by the transmission electron micros-
copy (TEM) image (Figure la). Their crystal structure is
confirmed to be face-centered cubic (fcc, space group Fm3m)
by X-ray diffraction (XRD) (Figure 1b) and by selected-area
electron diffraction (SAED) (Figure 1lc). The similar crystal
structure (fcc), and the small lattice mismatch (0.85%) between
Pt (0.39236 nm) and Pd (0.38903 nm)** are beneficial for Pt to
coherently match the lattice structure of Pd core and to form a

pseudomorphic shell.**
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Figure 1. Morphology and crystal structure of Pd@Ptyy sample. (a)
TEM image in which the average size is 3.73 nm, (b) Synchrotron
XRD (4 = 03196 A) diffractogram. (c) Selected-area electron
diffraction (SAED) equipped on a TEM, superimposed with the
standard profiles of diffraction rings for Pd (top) and Pt (bottom).

The exclusive deposition of Pt atoms on Pd cores is verified
by the two-dimensional (2D) intensity mapping (Figure 2a) of
high-angle annular dark field (HAADF) image (blue) with
electron energy-loss spectroscopy (EELS) signal of Pd (red)
using scanning transmission electron microscopy (STEM)
technique. In addition, the Pt/(Pt + Pd) atomic ratios were
determined by energy dispersive X-ray spectroscopy (EDX)
equipped on the STEM for individual particles (Figure 2b). No
particles were found without the existence of Pd, indicating that
the self-nucleation of Pt has been effectively inhibited. For two
distinct samples (red dots and blue squares in Figure 2c) with
different amounts of H,PtCls precursor in the syntheses, the
measured Pt/(Pt + Pd) atomic ratios decrease with the
increasing particle sizes. The trend primarily follows the curves
calculated for Pt monolayer (Pty;) and bilayer (Pt,yg ) shells
on Pd cores, respectively (solid and dashed lines in Figure 2c).
The calculation was based on a cuboctahedron model and a
normal distribution of particle size (see experimental details,
Supporting Information). These results denote that simply
increasing the amount of H,PtCl, precursor could correspond-
ingly increase the thickness of conformal Pt shells.

The uniform coating of Pt shells is partly attributed to the
optimal reaction temperature of 70 °C, which has been chosen
considering three aspects: First, in 1—5 mM ethanolic H,PtCly
solutions, Pt nucleation did not occur until the solution
temperature was higher than 78 °C, which is also the boiling
point of ethanol. Second, the reducing power of ethanol at 70
°C was sufficient to reduce Pt(IV) to Pt(0) in the presence of
Pd nanoparticles. The complete reduction of [PtCl]* is
signaled by the color of H,PtCly solution fading from pristine
yellow to colorless during the coating process. The nearly 100%
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Figure 2. (a) STEM-HADDF image (blue) overlapping Pd EELS
signal (red) for a representative Pd@Pt core—shell nanoparticle. (b)
Representative HADDF image of Pd@Pty;; nanoparticles. Individual
particles are marked by (s, r) where s is the particle size and r is the Pt/
(Pt + Pd) atomic ratio determined by EDX equipped on a STEM. (c)
The EDX-determined Pt/(Pt + Pd) atomic ratio as a function of
particle size for two distinct samples. The data for the Pty; sample
(red dots) were measured from the area shown in part b, and the
Pt, \y, data (blue squares) were from Supporting Information Figure
S2. The lines are the calculated curves for Pty; (solid) and Pty yy,
(dashed) on Pd nanoparticles. Representative STEM—HAADF images
for these two samples are shown in Supporting Information Figures S3
and S$4.

yield is also verified by the good agreement between metal
compositions in final products measured by inductively coupled
plasma mass spectrometry (ICP—MS) and by EDX equipped
on a scanning electron microscope (SEM), with those
calculated from the precursor amounts used in syntheses
(Supporting Information Table S1). Third, at 70 °C, the
reduction of Pt ions was dominated by the oxidation of ethanol
rather than the oxidation of Pd atoms. Without a reducing
agent, Pt atoms can be deposited via the galvanic displacement
of Pd because Pd has a lower reduction potential than Pt.*>~>’
That process could lead to either a small loss of Pd if the Pd
ions remained in the solution at the end of synthesis or a Pd—
Pt partially alloyed shell if oxidized Pd was reduced back by
ethanol.

To better understand the growth mode of the Pty shell on
Pd nanoparticles at atomic level, we performed density
functional theory (DFT) calculations. A hemisphere-like Pd,,
nanoparticle model (Supporting Information Figure S6) was
employed to represent a ~22 nm spherelike truncated
octahedral Pd,y nanoparticle (Figure 3a) containing {111}
and {100} facets, which are typical exposing facets for small fcc
metal nanoparticles.’®* ** Our previous studies demonstrated
the capability of such a hemisphere model to well interpret the
experimental electrochemical activities of core—shell nano-
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Figure 3. (a) DFT-calculated binding energies of Pt atoms (red) on
{100} and {111} terraces of a Pd nanoparticle represented by a
spherelike truncated octahedron Pd,s NP model with a 2.2 nm
diameter. BEs are shown in electronvolts per facet. (b) Proposed
growth scheme for spherelike truncated octahedral Pd@Pt core—shell
NPs, based on the calculated BEs shown in part a. Color scheme: Dark
blue for Pd atoms on terraces, yellow for Pd atoms at edges and
vertices, and red for Pt atoms.

particles."**" We first calculated the binding energy (BE) of a
single Pt atom adsorbed at different sites of the Pd nanoparticle
to understand nucleation at the very early stage of Pt growth.
The lower the BE is, the more preferable is the site. The results
exhibit that a Pt atom prefers the 4-fold hollow site on Pd
{100} facets (BE = —5.01 eV, step 1 in Figure 3a), followed by
the 3-fold hollow site on Pd {111} facets (—4.28 eV at an fcc
site, —4.20 eV at an hcp site, step S in Figure 3a); then the
bridge site at {111}/{111} edges (—3.75 eV); and, last, the
bridge site at {100}/{111} edges (—3.04 eV). In addition, a Pt
adatom at the vertex site spontaneously moves to the {111}/
{111} edge site during the geometry optimization. Therefore,
the deposited Pt atom is likely to nucleate on the {100} or
{111} terraces (steps 1 and S in Figure 3a) rather than at edges
(not shown).

Next, we studied the Pt growth mode after initial nucleation
by comparing the BEs of Pt adatoms forming small Pt clusters
on the {100} or {111} facets of Pd nanoparticle. A Pt, planar
was employed to model the ordered Pt structure formed on Pd
{100} facets, wherein each Pt atom sat at the most stable 4-fold
hollow site. The Pt growth on Pd from an adatom to a 2D
tetramer is highly exothermic, releasing an energy of —15.13 eV
(step 2 in Figure 3a), suggesting that the 2D growth of Pt on
Pd {100} is energetically preferred. It also shows that the
further growth from Pt, to Pt; favors the formation of a 2D
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planar rather than a 3D cluster by 1.51 eV (steps 3 vs 4 in
Figure 3a) because of the formation of additional strong Pt—Pt
and Pt—Pd bonds. Similar phenomena were observed for Pd
{111} facets as well (steps 6, 7, and 8 in Figure 3a), although
energetically, the Pt growth on Pd {111} is less preferential
than that on {100} facets (steps 7 vs 3 in Figure 3a).
Considering all the DFT results discussed above, we propose
a growth scheme for the sphere-like truncated octahedral Pd@
Pt core—shell nanoparticles (Figure 3b). The growth of the Pt
shell starts from the formation of an ordered Pt monolayer on
Pd {100} facets, followed by the closure of an ordered Pt
monolayer on Pd {111}. A similar growth mode has been
proposed recently for a ~1.7 nm Pt@Cu core—shell nano-
particle.*> Overall, our DFT-calculated results clearly demon-
strate that the epitaxial layer-by-layer growth of Pt is
thermodynamically favorable on Pd nanoparticles, and hence,
the elevated temperature during syntheses should facilitate the
formation of a smooth and uniform Pt shell on Pd cores.
The conformal and smooth Pt shell is further deduced from
the electrochemical performances for Pd@Pty; nanocatalysts.
Table 1 summarizes the ORR activities for Pd@Pty and Pd@

Table 1. Mass Activities (MA) and Specific Activities (SA)
for Pt; Samples Prepared by Ethanol-Based Approach or by
Scale-Up Cu UPD, Derived from the ORR Kinetic Currents
at 0.9 V (vs RHE)

Pd@Ptyy, Pd@Ptyy, Pd@Pt,y,
Cu UPD ethanol ethanol
Pt/(Pt + Pd) (at. %) 269 27.3 333
Pt (wt %) 16.5 17.1 18.1
Pd (wt %) 24.5 24.9 19.7
MAp, (A mg™)" 0.62 0.64 0.62
MApgy (A mg™)? 0.25 0.26 0.30
SA (mA cm™2)¢ 0.32 0.58 0.70
ECSA (m? g™')¢ 191 110 89

“MAp, mass activity normalized by the mass of Pt. bMAPGM, mass
activity normalized by the mass of Pt-grou; metals (PGM). “SA,
specific activity normalized by the ECSA. “ECSA, electrochemical
surface area.

Pt, pq, samples fabricated via the ethanol-based approach,
compared with those for Pd@Pty;; prepared by the scale-up Cu
UPD method. The smooth Pt surface formed at 70 °C by
ethanol led to a smaller electrochemical surface area (ECSA)
than that formed at room temperature by the scale-up Cu UPD
method,® given that high-coordination sites on smooth
terraces are less reactive to H adsorption/desorption than
low-coordination sites on a roughened surface with edges and
defects.**™*® Pd@Pty; samples fabricated by two distinct
methods exhibit similar mass activities (normalized by Pt or
PGM mass), indicating that the ethanol-based approach is an
effective scale-up synthetic route to fabrications of Pty
catalysts.

In addition to good catalytic activities, the Pd@Pty sample
also exhibited exceptional durability after the pulse-potential
stability test. As shown in Figure 4, after 5000 cycles of
potential pulses (10 s at 0.6 V and at 1.0 V each, as shown in
Supporting Information Figure S7), the ORR polarization curve
remained unchanged, and the cyclic voltammetry curve showed
negligible loss of ECSA. Previous studies found that the Pty
shell supported on treated Pd nanoparticles smoothed by Br
adsorption provided higher stability than the Pty shell
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Figure 4. ORR polarization (10 mV s, 1600 rpm) and cyclic

voltammetry (inset) curves (50 mV s™') obtained in 0.1 M HCIO,
solutions on a Pd@Pty; sample prepared by the ethanol-based
approach before (red) and after (blue) S000 potential-pulse cycles of
0.6 V (10 s) to 1.0 V (10 s) (Supporting Information Figure S7).
Loading: 8.75 ug cm™ Pt, 12.74 ug cm™> Pd.

supported on untreated commercial Pd nanoparticles,* since
the low-coordination sites at edges and defects are prone to
dissolution.’®>* Therefore, the excellent durability is attributed
to the smooth surface morphology and complete Pty shell.

In conclusion, we have demonstrated a surfactant-free and
high-yield chemical route for coating of Pt atomic layers on Pd
nanoparticles, which ensures high reproducibility and scal-
ability. The conformity and continuousness of Pt shells were
verified by various characterization techniques. Our DFT
calculations also showed that two-dimensional growth is
energetically favorable. The uniform and complete Pt coating
is promoted by the coating process with slower kinetics and the
reaction temperature of 70 °C rather than room temperature,
compared with the galvanic displacement of underpotentially
deposited Cu monolayer. The strategy illustrated here could be
applicable to the fabrication of other bimetallic or multimetallic
core—shell nanoparticles for various applications.
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Detailed experimental procedures, Figures S1—S8, and Table
S1 are included. This material is available free of charge via the
Internet at http://pubs.acs.org.
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