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Engineering high-performance Pd core-MgO porous

shell
synthesis

nanocatalysts

via heterogeneous gas-phase
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Kengo Aranishi, “ Sushant Kumar, j Chhagan Lal,” ¥ Christian Gspan, © Werner
Grogger, “ and Mukhles Sowwan “

We report on the design and synthesis of high performance
catalytic nanoparticles with robust geometry via magnetron-
sputter inert-gas condensation. Sputtering of Pd and Mg from
two independent neighbouring targets enabled heterogeneous
condensation and growth of nanoparticles with controlled Pd
core-MgO porous shell structure. The thickness of the shell
and the number of cores within each nanoparticle could be
tailored by adjusting the respective sputtering powers. The
nanoparticles were directly deposited on glassy carbon
electrodes, and their catalytic activity towards methanol
oxidation was examined by cyclic voltammetry. The
measurements indicated that the catalytic activity was
superior to conventional bare Pd nanoparticles. As
confirmed by electron microscopy imaging and supported
by density-functional theory (DFT) calculations, we attribute
the improved catalytic performance primarily to inhibition
of Pd cores sintering during the catalytic processes by the
metal-oxide shell.

Palladium (Pd) is a well-established catalyst material," but suffers
from extremely high cost, and lifetime degradation owing to
sintering and associated irreversible reduction in surface area.** To
address these issues, a metal oxide shell may also prove to be a
powerful tool for minimizing deactivation of the catalyst by metal
sintering.>° In order to achieve such improved performance via metal
oxide encapsulation, a key requirement is control over the
microstructure and maintenance of the high catalytic function of the
core catalyst, by appropriate choice of material set and synthesis
method.

In reviewing the literature on synthesis
nanoparticles, chemical methods have been widely reporte
Although much less common, heterogeneous gas-phase synthesis
has also been repor‘ted.li"15 For example, Xu et al® worked on the
gas-phase synthesis of Co-Au and Fe-Ag core-shell nanoparticles
from composite sputtering targets, with the formation mechanism
being dominated by phase segregation of these immiscible materials.
Independent sputtering from separate targets has also been reported
for Co/Si,' and Ag/Auw/Pd." Similarly, the binary Si-Ag core-
satellite and Janus nanostructures were also prepared according to

of core-shell
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our recently published procedure.'® Using similar synthesis
technique, Blackmore and co-workers recently reported on size-
selected multiple-core Pt-TiO, nanoclusters, sputtered from single
alloyed targets and also studied their catalytic activity'®. Based on
the emerging application of gas-phase synthesis to prepare binary or
core-shell nanoparticles, it is evident that such a technique allows a
high degree of control over critical parameters such as particle size,
composition, density and electrode coverage, and it avoids the
inherent products introduced by chemical synthesis from precursors
and surfactants.

For catalysis applications, magnesium oxide (MgO) has
frequently been studied as a support for Pd nanocatalysts.”’ For
heterogeneous gas-phase nucleation of Mg and Pd, previous results
on similar systems (Mg-Ti),'*?' indicate that a Pd core surrounded
by an MgO shell could be formed. Furthermore, when synthesized
alone from the gas-phase, MgO nanoparticles exhibit a highly porous
structure,”’ a necessary requirement in any potential catalyst
encapsulant. This suggests that, via heterogeneous gas-phase
synthesis, a noble metal catalyst (Pd) inside a porous metal oxide
shell (MgO) might be achieved in a controllable, single step process.

With this in mind, we present a series of experiments on
heterogeneous gas-phase condensation of Pd and Mg to form Pd
core- Mg porous-shell nanoparticles and examine their catalytic
performance towards methanol electro-oxidation.

All samples were produced using a multi-target gas-aggregated
sputtering chamber (Supplementary Information, Fig. S1t)."%* The
deposition parameters, for all experiments in the current work, are
included in the Supplementary Informationf. The structure of the
synthesized Pd@MgO nanocatalysts is introduced in Fig. 1. The
expected core-shell structure and uniformity are confirmed by
transmission electron microscopy (TEM), as shown in Fig. la, with
total diameters of approximately 10 nm. The cores are single
crystalline Pd and the shells are polycrystalline MgO, with lattice
spacings matching the literature values,™*' as shown in Fig. 1b and
lc, respectively. Inset of these figures present their corresponding
TEM image simulation. Figures 1d and le show a HAADF-STEM
(z-contrast) micrograph, and extracted EDX line profile,
respectively, confirming the core-shell structure. X-ray diffraction
(Figure S27) clearly shows distinct peaks for Pd and MgO (and not
any alloy phases). Further images, showing Pd and MgO deposited
separately but otherwise with identical deposition parameters, are
shown in the Supporting Information (Fig. S31). These images
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clearly show the porosity of the oxidized Mg structures, as reported
previously. *!
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Fig. 1 (a) Low magnification TEM overview of Pd@MgO
nanoparticles exhibiting core-shell morphology. (b) HRTEM image
of core (Pd) region and (c) of shell (MgO) region. Inset (b), (c):
simulated image of the correspending HRTEM image. (d) HAADF-
STEM image of core-shell PdA@MgO nanoparticles. (e) Distribution
of Mg and Pd components in the PdA@MgO nanoparticle obtained by
the line-scan analysis using STEM-EDS (along the green line in (d)).
High resolution core-level XPS spectra (f) Pd 3d, (g) Mg 2p, and (h)
O 1s, from Pd@MgO nanoparticles.

While TEM provides high spatial resolution on a tiny proportion
of the specimen, X-ray photoelectron spectroscopy (XPS), on the
other hand, allows us to gain statistical information from a wide area
of the sample. A wide scan spectrum (Fig. S4%) reveals strong
characteristic signals of Pd, Mg, and O (as well as C from the

substrate). Figure 1f shows the XPS spectrum for the Pd 3d core
level of the Pd@MgO nanoparticles. The Pd 3ds, peak shifts
towards higher binding energy (BE), with AE ~0.8 eV, compared to
that of Pd nanoparticles (335.5 eV). This shift in BE is due to the
small amount of electron transfer from MgO to Pd, consistent with
the difference in the electronegativities of Pd and Mg (Pd = 2.20 and
Mg = 1.31).>* The Pd 3ds), peak associated with PdO (336.7 eV) has
not been observed in any of the acquired spectra.”> Mg 2p core level
spectra (Fig. 1g) with broad Mg 2p peaks revealed the presence of a
certain amount of Mg-O bonds in the sample. The BE of the Mg 2p
core level that corresponds to MgO nanoparticles (51.0 eV) is
located at higher BE than for bulk metallic Mg (49.7 eV).” In
addition, the O 1s spectrum is characterized by three bands (Fig. 1h):
two at 532.3 and 531.6 eV, which is due to the absorption of oxygen
molecules on the carbon surface, and one at 530.8 eV, which
corresponds to the MgO.

Given the difference in condensation and solidification
temperatures,”*® Pd nucleates much more quickly than Mg in a
heterogeneous vapor cloud. In this situation, the pre-formed Pd
clusters act as nucleation seeds for the Mg vapor, allowing rapid
growth of a Mg shell on the Pd cluster, as published previously for
Mg/Ti."® Furthermore, the surface energy of Mg (0.8 J/m?) is
significantly lower than that of Pd (2.0 J/m?),” making it
energetically favorable for Mg atoms to migrate or stay on the
surface of the pre-formed Pd cluster, forming a shell. Finally, upon
exposure to oxygen the shell oxidizes to form Mg0Q.>"*

A major advantage of gas-phase synthesis is the ease with which
the deposition conditions, and resultant structures, can be modified.'®
For example, the extent to which the nanoparticle size and structure
could be engineered is illustrated in the STEM micrographs in Fig.
2a—2d. This was achieved simply by varying the quantity of active
sputtering targets and the applied sputtering power, to the individual
Mg and Pd magnetron heads (Fig. S11). We can see four different
cases, with associated size distributions, in Fig. 2e—2h. The size and
internal morphology could be directly manipulated by varying the
sputtering powers.
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Fig. 2 Directly engineering the nanoparticle structure by varying the relative number densities of each vapor species in the aggregation zone.
Low magnification STEM images (a-d) with higher magnification (inset); size distributions (e-f) of Pd@MgO nanoparticles for different
Pd/Mg sputtering power ratios; (a, €) 0.66, (b, ) 0.33, (c, g) 0.14 and (d, h) 0.11.

2 | Nanoscale

This journal is © The Royal Society of Chemistry 2015

Page 2 of 7



Page 3 of 7

For sputtering power ratios of 0.66, 0.33, 0.14 and 0.11, the average
diameters were determined to be 7.5 £ 1.2 nm, 9.3 + 1.3 nm, 10.0+
1.5 nm, and 17.3 £ 2.5 nm, respectively. We obtained also atomic
force microscopy (AFM) height images for each of the four
sputtering power ratio cases, as shown in the Supporting Information
(Fig. S51), which highlights the control of the gas-phase process.

After synthesis, the catalytic properties of these Pd@MgO
core-shell structures were evaluated for electrochemical
oxidation of methanol. This reaction is central to the operation
of direct methanol fuel cells, whose present utilization is
limited by the low efficiency of this reaction.’’ The accepted
routes for the electrochemical oxidation of methanol to CO,
consist of a direct path without an adsorbed CO intermediate,
and an indirect path that involves strongly bound CO on the
metal surface. The direct path involves hydroxylation at an
early stage during the dehydrogenation of methanol leading to
carboxyl intermediates that can form CO, directly without
going through the CO intermediate. Because of the strong
binding of CO on most monometallic surfaces the contribution
from the direct path to the anode current only becomes
significant when CO is removed from the surface and hence in
these cases the over potential is entirely defined by the indirect
pathway. The indirect path of methanol oxidation to CO,, on
the other hand, is believed to proceed via the oxidation of
methanol to adsorbed CO and hydrogen, activation of water,
and hydroxylation of CO leading to the final product.

CH,OH —CO+4(H" +e7)
CH,OH+H,0: H,0—>OH+(H" +e")
CO+OH—>CO, +(H" +¢7)

—CO, +6(H" +e7)

For cyclic voltammetry (CV) measurements, nanoparticles
were deposited directly onto glassy carbon (GC) electrodes,*
as illustrated in Fig. 3a. Full details of catalyst preparation and
loading are included in the Supporting Information®. For this
investigation, the structures synthesized with sputtering ratio of
0.33 and size distribution of 9.3 £ 1.3 nm, as shown in Fig. 2b
and 2f, were utilized. Mass current density CV curves are
shown in Fig. 3b. Despite the low mass, good CV signals were
obtained.*> The general form of the curves is consistent with
previous studies,”® which indicates a reliable measurement
environment (as does the linear variation with methanol
concentration at -0.4 V, shown in Fig. 3c). Firstly, it is clear
that these previously untested structures are catalytically active,
demonstrating that the inert MgO shell does not passivate the
internal catalytic Pd core. This in itself is a significant finding,
already confirming that the MgO matrix surrounding the active
catalyst did not prevent reactants from arriving and products
from leaving the surface to any great extent. Furthermore, it is
also immediately clear that the anodic peak current density,
indicative of electrocatalytic activity, is significantly increased
for the core-shell structures, in comparison to the bare Pd
nanoparticles (420 pA pg™' vs 120 pA pg', respectively). The
anodic onset potential for methanol oxidation reaction (MOR)
also shifted in the negative direction for core-shell particles.
This is shown in Fig. 3d, in which the anodic onset potentials
for Pd, MgO-supported Pd, and Pd@MgO structures, are
presented. To evaluate the electrocatalytic stability of the as-
prepared Pd@MgO catalysts, long term chronoamperometric
measurements were performed. Figure S67 shows the current-
time curves measured at 0.35V for 2000 seconds. Once the
steady-state has been reached, the Pd@MgO catalysts maintain
a current density that is about twice as high as that of the
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conventional Pd/GC catalyst. Note that while rapid dissolution
of MgO in acidic solutions has been reported previously, it is
quite stable in alkaline solutions,? as utilized here.
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Fig. 3 (a) Schematic design of Pd and Pd@MgO catalytic
nanostructures on GC electrode. (b) Cyclic voltammograms of room-
temperature methanol oxidation on the Pd/GC and Pd@MgO/GC
catalysts in 1 M KOH/ 0.5 M methanol at 38 mV/s. (c) Mass activity
of PdA@MgO nanocatalysts for different methanol concentrations at
0.4 V (vs. Ag/AgCl). (d) Onset peak potential of Pd, MgO support
Pd, and Pd@MgO nanocatalysts for methanol oxidation.

By considering the insets of Fig. 3b (as well as Fig. S71), it
is evident that the noble metal coalescence behavior has been
significantly modified by the presence of the MgO shell. For
the case of Pd alone, the originally discrete nature of the
nanoparticles (as evidenced from the in-flight mass filter) has
been lost to form larger agglomerations, with associated
reduced surface area. We have roughly estimated the degree of
coalescence and associated loss of surface area. This has been
performed on a sample basis, using TEM micrographs. The in-
situ quadrupole mass filter gives the original (pre-sintering)
nanoparticle size distribution, immediately after nucleation,
during flight from aggregation zone to substrate. As described
in the Supporting Information (Fig. S8%), by identifying the
substrate nanoparticles using the in-flight diameter and surface
curvature, measurement of the degree of interpenetration, and
by applying the modified Frenkel method,** the loss in surface
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area is found to be significant, in the range ~35-40%. However,
the coalescence behavior of PdA@MgO is quite different. While
the MgO shells in many cases come into contact, they
effectively act as spacers between the Pd cores. Thus, the
internal Pd cores retain their original shape and do not come
into contact with each other. That the catalytic activity is not
inhibited by the presence of the MgO shell is directly evidenced
by the strong CV signals which were obtained.

A second possible contributor to the superior performance
of Pd@MgO nanoparticles which must be examined is that the
reaction pathway has been modified by the presence of the
MgO. To evaluate this, we have performed DFT calculations on
a number of different surfaces that explicitly take the presence
of Mg at the core-shell interface into account. Full simulation
details are included in the Supporting Information. All total
energies were calculated using Quantum Espresso and for the
evaluation of exchange and correlation the BEEF-vdW
functional was chosen.® The structure optimizations were all

Nanoscale

performed until interatomic forces reached 0.01 eV/A with the
two top most close-packed layers relaxed and the remaining
layers fixed in the bulk structure. Similar for closed-shell
molecules we used gas phase energies corrected with tabulated
gas phase thermochemistry data all at T = 300 K. To account
for the increased stabilization due to the electrolyte we have
used corrections of 0.25 eV for OH, 0.15 eV for R-OH, and
0.10 eV for CO.** In addition, corrections to the over binding of
CO estimated by DFT have also been used according to the
previously reported scheme,”” and an empirical correction of
0.41 eV for closed-shell molecules (HCOOH and CO,) with an
0-C-O backbone has been applied.*® We constructed extended
model slabs for the Pd and PdMg metal surfaces (consistently
with our XPS results reported in Fig. 1). In the inserts in Fig. 4
the different surface structures used to simulate the methanol
oxidation energetics are shown. For the close-packed (111)
surface of Pd, a (3 x 3) slab with four atomic layers were used.
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Fig. 4 Calculated adsorption free energies of all possible intermediates in the methanol oxidation reaction. The diagrams only
show the most stable structures on four surfaces: (a) Pd(111), (b) Pd(211), (c¢) PdMg(211) and (d) Pd2Mg(211).
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The adsorption energies shown in Fig. 4 have all been
corrected for zero-point energy contributions, contributions due
to vibrational entropy, and thermal enthalpy contributions. We
have calculated the stability of all the intermediates in the direct
and indirect processes on our model surfaces and, in agreement
with previous studies, we find that both the close-packed and
stepped pure Pd surfaces have a strongly bound CO
intermediate.’* This puts Pd in the group of monometallic
surfaces where CO act as a poison for the direct pathway and
the removal of CO defines the onset potential for the methanol
oxidation (see Fig. 4a and 4b). The introduction of Mg at the
interface introduces more favorable oxygen chemistry. In fact,
the intermediates bound through oxygen are stabilized so much
that methoxy or formate poisoning of these sites becomes
predominant. The energetics shown in Fig. 4c and 4d does not
provide evidence for an increased activity of Mg modified step
sites; it rather suggests that any effect induced by Mg is an
increase in oxidation occurring at the step sites, hence rendering
them inactive. Furthermore, the observed shift in the onset
potential is more likely to be associated with variations in the
pH at the Pd surface of Pd@MgO/GC compared to the Pd/GC
system. The porous media could easily induce such variations
and recent studies have shown that pH changes in the
environment, can lead to significant shifts in the onset
potential.** Hence, our DFT calculations suggest that the
presence of MgO is not a significant contributor to the
reactivity of the Pd@MgO for methanol oxidation. This leaves
the reduced Pd sintering, enabled by the MgO shell, as the
dominant contributor for the increased reactivity.

Conclusions

In summary, we have developed a controlled gas-phase
synthesis method for highly active noble metal-porous metal
oxide core-shell nanocatalysts. Sputtering of Pd and Mg from
two independent neighboring targets enabled heterogeneous
gas-phase nanoparticle condensation with well-defined core-
shell morphology. The catalytic properties of the Pd@MgO
nanoparticles were evaluated based on the combination of
experimental measurements and DFT calculations. The shell
did not passivate the noble metal core, and indeed the catalytic
performance was improved relative to simple Pd nanoparticles.
The inhibition of Pd coalescence by the metal oxide shell was
identified as the key contributor to the improved reactivity for
methanol decomposition. These Pd@MgO catalysts, evaluated
for methanol decomposition in this study, might also be utilized
for various other reactions. The single-step, tunable core-shell
structure and the superior performance of the presented
nanocatalysts provides an excellent foundation to develop and
optimize  other noble metal-metal oxide core-shell
heterogeneous nanocatalysts with tailored sizes, chemical
composition, and morphologies for various catalytic reactions.
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