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Recent developments in the ability to control the shape of metal nanocrystals using wet chemistry synthesis techniques have drawn
significant attention for potential applications in plasmonics, photonics and catalysis. It is conjectured that shape control can be
achieved by controlling the nanocrystal surface structure, primarily using surfactants and metal additives. For example, various shapes
of Au nanoparticles, including rods, cubes, decahedra and octahedra, can be grown selectively using a trace amount of Ag [1] or Cu
[2] additives. Understanding the underlying mechanisms of shape control by metal additives is therefore vital for the further
engineering of nanocrystals. However, the establishment of atomic structure models of metal additives on the nanocrystal surface, that
are just a few atoms wide, is still challenging.

For this aim, there are three essential requirements of the characterisation technique: (1) sufficient chemical sensitivity to distinguish
surface additives; (2) spatial resolution at the atomic scale; (3) avoidance of damage to the surface structure from the probe.

Scanning transmission electron microscopy (STEM) has been widely used as a powerful means of resolving atomistic structures of
nanocrystals. In this study, we studied the structure of Cu additives on the surface of Au nanocubes using conventional energy
dispersive X-ray spectroscopy STEM (EDX-STEM) and high-angle annular dark filed STEM (HAADF-STEM), as well as four-
dimensional STEM (4D-STEM) tuned specifically for the detection of surface adatoms.

EDX-STEM mapping reveals the presence of Cu on the {100} surfaces of Au nanocubes. However, the high electron dose required to
achieve meaningful statistics can damage the structure during acquisition so a quantitative, high resolution analysis of an undamaged
surface is not possible.

HAADF-STEM collects electrons at high angles by an annular detector and presents intensity sensitive to the atomic number (Z),
however, it is also sensitive to other material parameters such as thickness and local environments (such as vacuum) [3,4]. We observe
the intensity to drop at the nanoparticle atomic surface layer in the HAADF-STEM image but cannot distinguish whether this is due
exclusively to the presence of (lower Z) Cu atoms or just fewer atoms on the surface layer. Furthermore, this is a dose-inefficient
technique, using only those electrons scattered to high angles, and surface modification can be observed during acquisition.

4D-STEM using a fast pixelated detector records the full diffraction patterns at each probe position during the STEM experiment. The
collected 4D datasets enable us to investigate features in diffraction patterns that are specifically related to different material
parameters [4]. This method has the advantages of a lower dose than EDX-STEM and access to much more specimen information
than HAADF-STEM. In this work, we developed an iterative method by starting with an ideal nanocube model with uniform thickness
and with/without surface Cu layers. Dynamic diffraction conditions and scattering angles sensitive to the presence of Cu additives
were identified based on the comprehensive dynamical scattering 4D-STEM simulations of this initial model. We then collected
experimental 4D-STEM datasets using our optimised imaging conditions, from which Cu adatoms on the surface were evident with
excellent contrast. In the next step, a matching of experimental diffraction patterns with simulated diffraction patterns was conducted
to determine the realistic surface thickness profile. These allowed us to further refine the nanocube model using the observed surface
structure of Cu adatoms and fitted thickness profile for the ultimate 4D-STEM simulations. Excellent agreement was achieved in both
qualitative and quantitative comparisons between 4D-STEM simulations and 4D-STEM experiments over various imaging models
(which each correspond to different diffraction physics). This suggests that the refined nanocube surface model represents the actual
structure of Cu additives on the surface of Au nanocubes. This provides an approach for identifying the type and arrangement of the
critical surface atoms that play an important role in controlling the growth and shape of nanoparticles.
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