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Oxide overcoat boosts nanoparticle catalysts

Cordelia Sealy

Researchers believe they have unraveled the intertwined effects
of geometry and electronic structure on the catalytic proper-
ties of metal nanoparticles [Wang et al., Science Advances 5
(2019) eaat6413, https://doi.org/10.1126/sciadv.aat6413]. Because
of their size, metal nanoparticles have found broad applications in
biology and medicine, sensors, batteries, and, in particular, cataly-
sis. Smaller particles make better catalysts because of the increased
surface area but quantum size effects (QSEs) also alter internal
energy levels, boosting catalytic activity.

“These two distinct effects make precise tailoring of the particle
size, in addition to the composition, a valuable means of optimi-
zing catalysts,” explains Junling Lu at the University of Science and
Technology of China, Hefei, who led the work.

However, size-related effects on the geometry and electronic
structure of metal nanoparticles are difficult to distinguish. Smaller
nanocrystals have more low-coordination sites (LCSs) than high-
coordination sites (HCSs), which affect how chemical bonds are
broken and formed during catalysis. QSEs, simultaneously, influ-
ence the energy levels in smaller particles, which in turn impact on
charge transfer between the metal and reactants. To hone reaction
kinetics as far as possible, it would be useful to understand exactly
how the size and shape of nanocrystals, as well as their energy
levels, affect catalysis.

“Disentangling these two effects and identifying when one or
the other starts to dominate the reactivity could breakdown estab-
lished structure-activity relationships,” says Lu.

Together with collaborators from Wei-Xue Li’s theoretical
group at the University of Science and Technology of China, the
researchers have developed a new strategy enabling them to
manipulate the geometric structure of palladium (Pd) nanocrystals
without affecting the electronic structure. Pd nanocrystals sup-
ported on Al,03 are a valuable type of catalyst for the oxidation
of alcohols to carbonyl compounds, which are important inter-
mediates in industrial fine chemical synthesis. The oxidation of
benzyl alcohols has two major pathways: the preferred dehydro-
genation path to benzaldehyde or the undesirable hydrogenolysis
route, which produces toluene as a by-product.

The researchers worked out that coating 4-nm Pd nanocrys-
tals with either Al,03 or FeOy using atomic layer deposition (ALD)
independently suppresses the catalytic effects of LCSs and HCSs,
respectively. They found that blocking LCSs results in remarkable
selectivity for benzaldehyde, while blocking HCSs had the opposite
effect. The findings demonstrate that dehydrogenation occurs at
HCSs and hydrogenolysis at LCSs, which indicates selectivity of Pd
nanocrystals can be tuned via the HCS: LCS ratio without changing
the particle size.

However, when a similar exploration was undertaken with
nanoparticles smaller than 4.2 nm, the trend was reversed. This, the
researchers believe, indicates that at these scales electronic QSEs
start to dominate the process. In other words, geometric effects
dominate catalysis in nanocrystals larger than 4 nm, while elec-
tronic effects dominate at smaller scales (Fig. 1).

“Given the essential roles of geometric and electronic effects in
metal nanoparticles, disentangling these two factors opens a new
dimension for rational design of metal nanoparticles for broad
applications,” says Lu. “Selectively blocking sites on size-optimized
Pd nanoparticles for undesirable reaction paths achieves high
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Fig. 1. (Bottom) Benzaldehyde and toluene selectivity of Pd/Al,O3 catalysts as a
function of Pd particle size during aerobic oxidation of benzyl alcohol. The selectiv-
ity and TOF of 4.2 nm Pd/Al;03 catalyst with ALD alumina overcoat (10Al,03-Pd)
under the same reaction conditions are presented for comparison (star). (Top) The
electronic effect is highlighted by the charge density difference upon adsorption of
benzyl on Pd55 and Pd(211) (Pd atoms shown in blue), while the areas of deple-
tion and accumulation of electrons are shown in cyan and yellow, respectively. The
geometric effect is addressed by selective blocking of LCSs by Al,0s. Credit: Junling
Lu’s and Wei-Xue Li’s research groups at the University of Science and Technology
of China.

activity, high selectivity, and high stability, showing great potential
for practical applications.”

The researchers are confident that their oxide overcoat approach
could work just as well with different reactions, such as the dehy-
drogenation of ethane, and gold nanoparticle catalysts.

“We believe this strategy is universal,” Lu told Nano Today, “and can
be extended to other reactions and metal catalysts. This method-
ology opens up new understanding of the distinct size-dependent
functionalities of the geometric and electronic structures of metal
nanoparticles, as well as for the rational design of catalysts.”

Richard Catlow FLSW FRS, professor of catalytic and computa-
tional chemistry at the Cardiff Catalysis Institute in Wales, believes
the advance is significant.

“Nanoparticle-based systems have a very wide range of applica-
tions not only in catalysis and sensors but also in biosciences
and medicine,” he points out. “These applications are to a
large extent dependent on both the electronic and geometric
properties of nanostructures. The importance of this work is that
through a combined experimental-theoretical approach based on
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ALD and density functional theory Lu et al. are able to deconvolute
the two effects.”

As the researchers suggest, Catlow thinks that the approach may
advance the ability to design nanostructured catalysts in the future.
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