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In situ dynamic tracking of heterogeneous
nanocatalytic processes by shell-isolated
nanoparticle-enhanced Raman spectroscopy
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Surface molecular information acquired in situ from a catalytic process can greatly promote
the rational design of highly efficient catalysts by revealing structure-activity relationships
and reaction mechanisms. Raman spectroscopy can provide this rich structural information,
but normal Raman is not sensitive enough to detect trace active species adsorbed on
the surface of catalysts. Here we develop a general method for in situ monitoring of
heterogeneous catalytic processes through shell-isolated nanoparticle-enhanced Raman
spectroscopy (SHINERS) satellite nanocomposites (Au-core silica-shell nanocatalyst-satellite
structures), which are stable and have extremely high surface Raman sensitivity. By
combining operando SHINERS with density functional theory calculations, we identify the
working mechanisms for CO oxidation over PtFe and Pd nanocatalysts, which are typical
low- and high-temperature catalysts, respectively. Active species, such as surface oxides,
superoxide/peroxide species and Pd-C/Pt-C bonds are directly observed during the
reactions. We demonstrate that in situ SHINERS can provide a deep understanding of
the fundamental concepts of catalysis.
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Figure 1 | Schematic illustration of a SHINERS-satellite study of a nanocatalytic process. (a) The Au-core silica-shell nanocatalyst-satellite architecture
of SHIN-enhanced Raman spectroscopy (SHINERS)-satellite structures, and the mechanism for CO oxidation over PtFe bimetallic nanocatalysts revealed by
our SHINERS-satellite method. The pinhole-free silica shell prevents the Raman signal amplifier from interfering with the system under study. (b) Schematic
illustration of CO oxidation on PtFe. The blue, orange, grey and red spheres represent Pt, Fe, C and O atoms, respectively. (¢) A 3D-FDTD simulation for a

pair of Pt-on-shell isolated nanoparticle (SHIN) nanocomposite structures.
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Figure 2 | The structure of various SHINERS-satellite nanocomposites. (a) TEM (inset) and scanning electron microscope images of PtFe-on-shell
isolated nanoparticle (SHIN) core-shell-satellite nanocomposites. Scale bar, 100 nm. Scale bar for the inset, 20 nm. (b) Element maps of the single particle
in the inset of (a). (¢) TEM images of various nanocatalyst-on-SHIN structures. The insets in ¢ are the zoomed-in image of the edge of the same particle as

in main image. Scale bars, 20 nm. Scale bars for the insets, 5nm.
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