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An operational strategy for the synthesis of atomically smooth Pt
skin by a defect-mediated thin film growth method is reported.
Extended ultrathin core-shell structured Pd@Pt,,onolayer Nanosheets
(thickness below 5 nm) exhibit a seven-fold enhancement in mass-
activity and surprisingly good durability toward oxygen reduction
reaction as compared with the commercial Pt/C catalyst.

Proton exchange membrane fuel cells (PEMFCs) represent one of
the ideal low emission and efficient power resources. However, the
successful application of PEMFCs has long been restricted by three
major criteria: price, performance and durabilityl. The pivotal
component is the electrocatalyst system that underpins fuel-cell
operationl’z, and the commercial carbon supported platinum
nanoparticle (Pt/C) catalyst typically contributes more than one
third of the overall fuel cell stack cost’. Compared to the relatively
fast reaction kinetics of hydrogen oxidation on the anode side, a
majority of Pt is required at the cathode to catalyze the inherently
sluggish oxygen reduction reaction (ORR)"®. The recent progress in
surface science has contributed to better understanding of reaction
mechanisms on catalysts and appropriately arranged surface
structures are key to the next generation high performance ORR
catalysts“o. For example, extended (110) and (111) Pt crystal planes
were found to be far more active than (100) plane and those less
ordered surfaces as often found in most nanostructures, especially
in perchloric acid™. Alloying the surface or near surface region of Pt
catalysts with other elements is another effective strategy to
enhance the intrinsic surface activity of Pt-based ORR catalystslo’ 1
" Therefore, it is highly challenging to design a high surface area Pt
electrocatalyst that shows both intrinsic activity and long term
durability.
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Core-shell type nanostructures, especially those with a
monolayer Pt skin, often exhibit higher mass activities due -~
enhanced Pt utilization and at the same time the substrate materi-'
provides additional advantageous modification of the electronic
structures of the surface Pt atoms™*"***". For example, Pd substrate
was reported to be able to lower the Pt surface oxygen affini,
which is beneficial to its ORR activityls. Current efforts on Pt skii.
ORR catalysts focus mostly on core-shell nanoparticulate material ,
whose enhanced performance was often ascribed to the lattice
contraction effect™® or the exposure of high-index facets”?°. Th
explanations, however, are not in complete consistency wit’
fundamental electrochemical understanding of Pt-based electrode
which predicts that highly nanostructured Pt surfaces (such ac
decreased dimension and high-index facets) are not favorable fc -
ORR because they often exhibit stronger binding to the oxygenater
intermediates™’. The observed activity enhancement could be du
to intricate interplays among many factors such as Pt utilization an-'
alloying effect. In this regard, it is of great interest to fabricate twc
dimensional core-shell nanocatalysts with atomically thin and flat Pt
surfaces. In this configuration, the extended Pt surface lattices = :d
the underlying substrate material could simultaneously contribute
to the enhanced intrinsic activity of Pt by weakening the adsorption
strength of oxygen species, while the ultrathin Pt overlaye
guarantees the overall Pt utilization.

To fabricate an atomically thin and smooth overlayer o/ a
foreign substrate, the traditional seeding growth21 and vapc
deposition22 methods are not readily applicable because the F.
outer shell thus produced often exhibits island morphology with i .
least several atomic layer thickness®. Underpotential deposition
(UPD) of Cu followed by galvanic replacement has been regarded : »
one of the best choices for synthesizing monolayer type sheuw
structuresu’zs, but this process relies on the successf' .
establishment of a thermodynamic couple between the foreig.
admetal and the substrate, which is not always existent®®. Therefor ,
it is desirable to develop reliable techniques that allow generatic:
of uniform metal adlayers with controllable layer thickness &*
atomic scale and under moderate circumstances. These technique
would provide a versatile platform for both fundamental resec=-*
and practical investigations, in particular for the development =~

J. Name., 2013, 00, 1-3 | 1



Nanoscale

unique catalyst systems with novel structural
advanced energy technologies such as ORR.

Defect-mediated thin-film growth (DMTFG) can manage to
deposit an element under an overpotential environment with the
help from Cu or Pb underpotential deposition/stripping cycles into
the monolayer or bilayer structure”, and this method has been
reported to synthesize monolayer structure on nanoparticleszg. To
the best of our knowledge, it is rare to adopt this method to
manipulate ultrathin nanoplate surfaces. Considering the positive
effect of Pd substrates on the improvement of ORR activity of Pt
in this work, we develop a modified DMTFG method to generate
ultrathin  core-shell Pd@Ptyononyer Nanoplate electrocatalysts
(Scheme 1a). These novel catalysts effectively coordinate the
utilization maximization of precious Pt atoms with the positive
electronic perturbation from the Pd substrate15’31’32, which in turn
lead to their dramatically enhanced ORR performance.

The ultrathin palladium nanoplates with an average diameter of
200 nm and height of 5 nm were prepared by thermal reduction of
palladium acetylacetonate (Pd(acac),) by a mixture of benzyl alcohol,
cetyltrimethylammonium bromide (CTAB) and polyvinylpyrrolidone
(PVP) in the presence of CO at 70 °C, a colloidal method first
reported by Zheng and co-workers (Fig. 51)33. The dissolved CO
molecules provide a bi-functional effect in a way that bridge
adsorbed CO molecules on the Pd basel (111) facet has strong
electronic confinement effect which helps the anisotropic growth of
ultrathin hexagonal Pd nanoplates“’ss. The face-centered cubic (fcc)
structure with a cell parameter a=3.89 A of as-prepared Pd
nanoplates was determined by powder X-ray diffraction (XRD)
pattern (JCPDS no. 46-1043) as illustrated in Fig. S2. In order to
remove the surfactants and polymer molecules adsorbed on the
surface of Pd nanoplates, an electrochemical method was utilized to
by potential sweeping from 0.2-1.2 V (scan speed 10 mV s'l) in

acidic medium, which facilitated the revealing of pristine single
36,37

properties for

crystalline surface of Pd nanoplates™ . The evidently increased
hydrogen adsorption/desorption peak (0.2-0.35 V)38 in the second
scan as compared with the completely suppressed peak signal in the
first scan signifies this successful surface clean process (Fig. S3a).

Careful electrochemical characterization revealed further interesting
behavior of these ultrathin Pd nanoplates. As shown in Fig. S3b, this
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Scheme 1(a) Schematic representation of the morphology change steps of
Pd@Ptmonolayer during surface modification. (b) Schematic diagram of the DMTFG
method.
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electrochemical cleaning process allowed the exposure of more Pd
(110) facet®®. And upon structure inheritage by an epitaxial Pt
surface layer, this extended facet structure will be highly benefi.™
to the enhanced ORR activity, especially in perchloric acid®
Interestingly, these clean Pd nanoplates already demonstrate:’
impressive ORR activity (Fig. S4), although it is well known that *h~
durability of pure Pd nanostructures upon continuous potenti !
cycling in acidic medium is quite poor.

We then developed a DMTFG method to generate an epitaxial [ ¢
overlayer on Pd nanoplates (Scheme 1b). Instead of UPD at a fixea
potential, this method involves Cu UPD and stripping to modify tk :
growth kinetic of the Pt film which lowered the rate of Pt deposition
and enhanced surface diffusion of Pt adatoms to form a smootn
monolayer27: the metal of interest (Pt) co-deposits with a reversib.y
deposited mediator metal (Cu) which is periodically deposited ar .
stripped from the surface by cycling the electrochemical potentiz’
The monolayer Pt formation can be understood by the followin
mechanism: 1) Cu adatoms are first deposited on the Pd surface,
forming high density 2D Cu nuclei that serve as attachment sites
Pt adatoms on the surface; 2) rapid interlayer exchange minimizes
intralayer adatom diffusion; 3) on the reverse portion of the c,
Cu selectively stripped from the surface causes the Pt-Cu 2D clusters
to decompose into 2D Pt islands that serve as growth centers a_ .
continues to deposit. During the entire process, Cu UPD laye
behaves as a significant surfactant by promoting interlayer terrace
exchange between deposited Pt adatoms and mediate atoms. Th
effectiveness of Cu UPD mediator can also be appreciated by tF
suppressed Pd stripping by the involvement of Cu electrochemistrv
as shown in Fig. S5.

This monolayer structure can be characterized by atomic force
microscopy (AFM). After Pt monolayer deposition on the F i
nanoplates (Fig.1a &1b), the average height changed from 4.1 + 0.1
nm to 4.7 + 0.1nm. Considering the atom diameter (2.77 A) ar {
lattice constant(3.92 A) of Pt, the increased 6 A stands for a total ot
2.16 layers which were deposited on the top and bottom sides « f
the Pd nanoplate substrate, equivalent to 1.08 atomic layer of Pt on
each side. The successful synthesis of Pt monolayer can alsc ' _
indicated from the CO stripping. As shown in Fig. S6, the CO

Pd@Pt,

Pd nanoplate

monolayer

4.1£0.1 nm 470.1 nm

Fig.1 AFM images of (a) pure Pd substrate and (b) PdgPtmonolayer With the height detaiis
at yellow region.
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stripping peak of PA@Ptyonoiayer Catalyst shifts towards higher
potential as compared with that of Pt/C, while those characteristic
CO stripping peaks from the original Pd nanoplates also vanish
significantly. This indicates an electronic alteration (reduction) of Pt
Fermi level local density of states by the Pd substrate®®, which helps
the reduction of OH adsorption and improves its ORR catalysis
capability. Additional characters about structure and composition of
Pd@Ptmonolayer Ultrathin nanoplate catalysts were obtained by high-
resolution TEM (HRTEM), high-angle annular dark field STEM
(HAADF-STEM), energy-dispersive X-ray (EDX) mapping and X-ray
photoelectron spectroscopy (XPS). After deposition, the ultrathin
plate structure kept the same as the Pd substrate®. 13 (422)
reflection SAED pattern (Fig. S7) was observed on the Pd@Ptonofayers
which comes from the Pd substrate with a stacking fault parallel to
the basal (111) planes in an fcc plate structure®™*2. The lattice
fringes (Fig. 2c&d) with the interplanar spacing of 2.4 and 2.2A have
a good agreement with the Pd substrate. HAADF-STEM-EDS (Fig.2b)
was used to analyze the component distribution of Pd and Pt after
surface modification, which gives an atomic ratio of 19:1 between
Pd and Pt. XPS results (Fig. S8) provide the information about the
core-level Pd 3d spectra of Pd@Ptyonoiayer With peak signals at 340.8
and 335.6 eV for Pd 3dy, and Pd 3ds, respectively. Compared with
the standard pure Pd 3d signals of 340.3 eV (Pd 3ds;,) and 335.0 eV
(Pd 3d5,2)43, substrate Pd has a slight upshift of binding energy which
could be ascribed to the electron transfer between Pd and Pt*.
Slightly lower shift of Pt 4f core-level spectra of Pd@Ptyonolayers @S
compared with pure Pt (74.4 eV for 4fs, and 71.0 eV for Pt 4fy),
also points to certain electron transfer from Pd to Pt.

:  Overlap

Fig.2 (a) TEM image of PA@Ptmonolayer, the scale bar stands for 40 nm. (b) HAADF-STEM
image of Pd@Ptmonolayerr Pd and Pt elements were showed as green and red,
respectively. (c, d) HRTEM images of a Pd@Ptmonolayer recorded from the [110] and [111]

zone orientation, respectively. Insets are the SAED patterns.

This journal is © The Royal Society of Chemistry 20xx

Nanoscale

Interestingly, after the deposition treatment, we found the
surface roughness showed an obvious trend of becoming smoother
based on the AFM analyses. After deposition of Pt monolayer on
Pd nanoplates (Fig. S9), the average roughness (R,) and root mea:
square roughness (R;) of Pd@Ptyonoiayer are 0.19 and 0.25 nm
respectively, both of which are lower than those of Pd substrate /P
0.26, R, 0.32). This provides additional evidence for the DMTF 1
mechanism that the copper mediator helps the Pt adatoms diffuse
into a thermodynamically stable structure with more smoot i
surfaces.

According to the literatures, facets (110) and (111) of I«
electrodes possess the higher catalytic ability among low index
facets in perchloric acid®*. By inheriting these preferential facets
from the Pd nanoplates (Fig.2d), Pd@Ptonoiayer is highly promisirig
as an active ORR electrocatalysts. Cyclic voltammogram (C',
features its positively shifted on-set potentials for the redox wave
of Pt in PA@Ptimonoiayer @5 compared with Pt/C (Fig.3a), suggestin
the delayed formation and weakening of Pt-oxygenated specie
after alloying with the Pd substrate, which is typically a des
feature for a good ORR catalyst. At the same time, Pd@Pt,onolav--
demonstrates much broader electrochemical signals, especiall,
the hydrogen region, reminiscent of the rich hydrogen
adsorption/absorption behavior of Pd-based electrodes. ...
polarization curves for Pd@Ptnonoayer, Pure Pd substrate an'
commercial Pt/C were measured in 0.1 M oxygen-saturater’
perchloric acid electrolyte at 30 °C (Fig.3b). Besides the enhance
electrochemical surface area (ECSApg@ptmonolayer = 171.45 m’ g,,t'1 an |
ECSApyc = 77.96 M’ gpi"), PA@Ptmonoiayer (0.874 V) exhibits 22 mV.
higher half-wave potential as compared with Pt/C (0.852 V), whic
proves the improvement of ORR reaction kinetics at lower over-
potential. The kinetic activity was further investigated by Tafel plo s
at the mixed kinetic-diffusion control region (0.8-1.0 V). According
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Fig. 3 (a) CV profiles of PA@Ptmonoiayer and Pt/C catalysts in N, purged 0.1 M HCIC.
solution at room temperature. Scan rate: 50 mV st (b) Polarization curves (anodi~
sweep direction) for Pd@Ptmonolayer, Pd substrate and Pt/C immobilized onto a glas. ¢
carbon rotating disk electrode obtained at a rotation rate of 1600 rpm ina 0.1 M U,
purged HCIO, solution at 30 °C, scan rate 10 mV st (c) The area-specific kinetic curre .
densities (jx) for PA@Ptmonoiayer and commercial Pt/C. (d) The area and mass specii
activity kinetic current densities for Pd@Ptmonolayer and Pt/C at 0.9 V.
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to Fig.3c, in the whole potential region, PAd@Ptyonoayer ShOWS
enhanced kinetic activities. At 0.9 V, its area-specific activity (A)
reaches 0.438 A cmpt'z, while its mass activity (Am) was calculated to
be 0.717 A mgpt'1 (Fig.3d). Compared with the commercial Pt/C
catalyst (A, = 0.128 A cmp >, Ay, = 0.109 A mgp, ), PA@Ptmonolayer
exhibits an enhancement factor of 3.4 and 6.6 for A, and A,,
respectively. These results approach the US DOE 2017 target for Pt
based ORR catalysts (A,,=0.44 A mgpt'l)l.

As a vital property for PEMFC application, the catalytic durability
of Pd@Ptonolayer Was measured by accelerated durability test (ADT),
i.e., continuous potential sweeps between 0.6 and 1.0 V in oxygen-
saturated 0.1 M HCIO, solution for 5000 cycles at a scan rate 50 mV
st at 30 °C. Upon long-time cycling, the ORR activity of
Pd@Ptyonolayer ONly shows a negative shift of 18 mV for half-wave
potential (Fig.4a), which is significantly better than Pt/C's 59 mV
potential decrease (Fig.4b). The morphological evolution of as-
prepared Pd@Ptonolayer and Pt/C was monitored by TEM (Figures
S10 and S11). Upon durability test, Pt/C was found to have
undergone significant Ostwald ripening and its morphology has
changed from an original state of relatively uniform dispersion of 3
nm Pt particles on carbon support, to severely aggregated 10-30 nm
particles. The destabilization of Pt/C is also related to the weak
interaction between Pt nanoparticles and carbon support45’46. For
supportless PA@Ptonoiaper, the catalysts well retain the hexagonal
morphology of the native Pd nanoplates before the durability test
(Fig. S11). Upon 5000 times potential cycling, these hexagonal
nanoplates transform into less defined porous structure although its
overall nanoplate morphology still exists. The main driving force
should be related to the dissolution of the less stable Pd substrate®’.
The dark spots formed on the surface might be the locally
segregated platinum species whose exact structure requires further
characterization. The formation of porous structure has to be
accompanied by the exposure of more Pd atoms from underneath.
And the porous structure formation may contribute to favorable
mass transport and higher surface area, which would counteract the
activity loss due to the degradation of the core-shell type
nanoplates. Indeed, from the hydrogen adsorption/desorption
region, we did not observe any noticeable decrease in overall
charge involved. The slight decrease for the current density at
around 0.1 V is balanced by an increase of a more characteristic
peak at ~0.2 V, indicative of the incorporation of more Pd
electrochemical signals.

2
Current deasity (mA em

02 |l’l 06 u‘x Lo 02 04 06 s 10
E vs RHE (V) E vs RHE (V)

Fig.4 ORR polarization curves for (a) PA@Ptmonoiayer and (b) Pt/C before (dash line) and

after (solid line) 5000 potential sweeps in O,-saturated 0.1 M HCIO, solution at a scan

rate 10 mV s Insets features the respective CV plots upon 5000 potential sweeps in

N,-saturated 0.1 M HCIO, solution at a scan rate 50 mV s-1.
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Conclusions

In summary, ultrathin core-shell Pd@Ptyonoayer Nanosheets
were successfully synthesized by a defect-mediated thin fili
growth method on Pd substrate which showed outstanding
catalytic activity and stability toward the oxygen reduction
reaction in acidic electrolyte. This process allows careful tunin-

of the surface smoothness
nanostructures,

of the plate-like core-she!

which was monitored by atomic forc»

microscopy. The benefits from these unique quasi-two-

dimensional

core-shell nanoplates with a smooth ani

atomically thin skin can be appreciated by their evidently
enhanced area-specific and mass activities, which are better
than the commercial Pt/C by a factor of 3.4 and 7, respectivel, .
Although long term durability test could also damage its core
shell plate like morphology, supportless PAd@Ptmnonolayer W "
found to be significantly durable than supported Pt/C upon
5000 times ADT cycling. This work provides a unique strateg /
for the fabrication of atomically smooth and thin overlayer
nanostructures, which allow simultaneous enhancement of -~
specific activity and Pt utilization. And this electrode desi~-
concept may be applicable to other new materials used fui a
wide variety of energy technologies.
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