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ABSTRACT: The properties of nanoparticles are known to
critically depend on their local chemistry but characterizing
three-dimensional (3D) elemental segregation at the nano-
meter scale is highly challenging. Scanning transmission
electron microscope (STEM) tomographic imaging is one
of the few techniques able to measure local chemistry for
inorganic nanoparticles but conventional methodologies often
fail due to the high electron dose imparted. Here, we
demonstrate realization of a new spectroscopic single particle
reconstruction approach built on a method developed by
structural biologists. We apply this technique to the imaging
of PtNi nanocatalysts and find new evidence of a complex
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inhomogeneous alloying with a Pt-rich core, a Ni-rich hollow octahedral intermediate shell and a Pt-rich rhombic dodecahedral
skeleton framework with less Pt at (100) vertices. The ability to gain evidence of local surface enrichment that varies with the
crystallographic orientation of facets and vertices is expected to provide significant insight toward the development of

nanoparticles for sensing, medical imaging, and catalysis.

KEYWORDS: Three-dimensional reconstruction, single particle reconstruction, PtNi nanoparticle catalysts,
energy dispersive X-ray spectroscopy, surface segregation, scanning transmission electron microscopy

Nanoparticles (NPs) are crucially important in many
scientific fields, from inorganic particles” in catalysis,
plasmonics, and medical imaging to proteins’ in cellular
processes. These nanoparticles may have complex morpholo-
gies and compositional disorder, both of which contribute to
their properties. Electron microscopy is a valuable tool to
characterize the structure and chemistry of individual NPs.
However, conventional (scanning) transmission electron
microscope ((S)TEM) imaging measures two-dimensional
(2D) projections of 3D objects, which often prevents the
interpretation of complex 3D elemental distributions because
chemical information is integrated in the third dimension.
There are several established acquisition schemes for 3D
characterization of individual NPs in the (S)TEM.*™"® Tilt-
series electron tomography (ET) in particular has become a
common acquisition method in 3D imaging for materials
science. The tilt-series ET approach is similar to X-ray
computed tomography (CT); it requires multiple images of
the sample viewed along different directions, which are then
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reconstructed to create a 3D distribution of some property of
the object. Beyond characterizing 3D morphology, ET-based
approaches have the ability to map elemental distributions and
other physical properties, such as localized surface plasmons,’
when STEM imaging is combined with spectroscopic
techniques such as energy dispersive X-ray spectroscopy
(EDS)'*7'® and electron energy loss spectroscopy
(EELS)."”'® However, tilt-series ET-based approaches require
repeated imaging of the same area, which often results in a high
cumulative electron dose and may cause the technique to fail
for even moderately beam sensitive samples. The total fluence
required, the number of electrons per square area of the
sample, is dependent on the required resolution. The typical
electron fluence used for high-angle annular dark-field
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(HAADF) tomography is about 10° electrons/A* for a spatial
resolution of the order of 1 nm (Supporting Information Table
S1). The requirement for high electron fluence is even greater
when elemental information is required with typical require-
ments for STEM-EDS tomography'*'* often exceeding 10°
electrons/A*> for a similar spatial resolution (Table S1).
Although, for some materials electron beam damage can be
reduced or eliminated by imaging with a low accelerating
voltage or low electron flux, the majority of specimens are
found to have a critical electron fluence above which the
specimen is permanently damaged. As (S)TEM instrumenta-
tion has improved, the instability of specimens under
prolonged electron irradiation is often the principal obstacle
to 3D imaging.

Organic biological structures such as proteins and viruses are
typically many orders of magnitude more sensitive to the
electron beam than common inorganic specimens. Acquiring
3D information for such highly beam sensitive objects requires
an approach termed single particle reconstruction (SPR),'?~>°
which combines the information from single images of many
thousands of individual objects. This technique assumes that
all the objects being imaged are identical but are randomly
orientated on a support. The great importance of this approach
was recognized with the awarding of the Nobel prize for
Chemistry in 2017,°° but single particle reconstruction
approaches have not yet been successfully applied to
spectroscopic STEM data. Here, we demonstrate that by
modifying the SPR approach to use STEM-EDS spectrum
images rather than conventional (S)TEM data sets, we are able
to recover quantitative 3D elemental information with a
resolution of ~1 nm. This is achieved with an electron fluence
per particle that is 500 times lower than would be required to
achieve the same results using conventional STEM-EDS ET
techniques (2 X 10° compared to 9 X 10°® electrons/A% Table
S1).

Application of Spectroscopic SPR to Catalytic Nano-
particles. We have applied our new approach to reconstruct
the mean 3D elemental distribution for a population of
bimetallic rhombic dodecahedral platinum—nickel (PtNi) NPs
(Figure la—d) which are among the most active oxygen
reduction reaction (ORR) catalysts ever designed.1 These NPs
are too electron beam sensitive for conventional tilt-series
electron tomography at a resolution on the order of 1 nm, so
previous (S)TEM studies of the material have been limited to
2D elemental mapping.”’ > Platinum is one of the most
effective and widely used catalytic materials with extensive
applications in fuel cells, catalytic converters, and batteries."”
Alloying Pt NPs with a second metal, such as Ni, has been
shown to improve activity/durability for the ORR and
hydrogen evolution reaction (HER)“**** in addition to
reducing cost. Despite the importance of these materials, the
mechanism for these improved properties is still not well
understood, hindering attempts to maximize catalytic efliciency
and in-service lifetime. Key to understanding the mechanism of
PtNi NP performance is the ability to characterize elemental
surface segregation and specific faceting behavior. Studies of
elemental segregation in individual NPs have been largely
restricted to 2D (S)TEM spectrum imaging,”” > due to the
tendency of these NPs to alter their structure when subjected
to high electron dose. We have independently measured the
critical dose for electron beam damage in the PtNi nano-
particles used in this study and found that they have
restructured after an electron dose of approximately S X 107
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Figure 1. Overview of the PtNi NP population and quantification of
specimen homogeneity. (a) Representative STEM-HAADF image of
the PtNi nanoparticles together with elemental maps for (b) Pt (La),
(c) Ni (Ka), and (d) Pt + Ni extracted from STEM-EDS spectrum
images. (e) The sequence of image processing steps used to separate
and identify nanoparticles to be used in the SPR reconstruction.
Colors correspond to those used in histograms (f,g) and numbers
correspond to the number of NPs remaining after each step. (f)
Compositional distribution of the PtNi NP population calculated by
k-factor EDS quantification. (g) Feret diameter distribution for the
same particles. In (f,g) yellow bars represent the NPs that were
matched with the ET template and used in final SPR reconstruction,
blue bars include the NPs that were compositionally selected (limited
to a range of 55—65 atom % Pt) but not matched to a projection, and
white bars represent all segmented NPs in the raw data that were not
included in the other two sets.

electrons/A* (see Figure S7). This beam sensitivity precludes
the use of a STEM-EDS tilt series tomography approach,
which we have found requires an electron fluence on the order
of 9 X 10° electrons/A” to achieve an appreciable EDS signal-
to-noise ratio (SNR) at 1 nm resolution (Table S1). For our
spectroscopic SPR approach, we have employed a total
electron dose (2 X 10° electrons/A?, Methods and Table
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Figure 2. Workflow for spectroscopic single particle reconstruction. (a) Schematic showing the acquisition of a traditional STEM-HAADF tilt-
series tomography data set for one NP. (b,c) Surface render and 3D volume intensity for the ET reconstructed HAADF signal, respectively. (d)
Reprojections with known orientations obtained from the reconstruction in (b,c) (9 illustrative examples are shown from 400 reprojections). (e)
Schematic of the SPR data acquisition (single images of many identical NPs with random orientations on a support film). (f) Experimental
HAADF-STEM images are matched to the reprojections in panel d so as to assign known orientations. (gh) EDS Pt and EDS Ni signals are
assigned the same known orientations as have been assigned to their simultaneously acquired STEM-HAADF data in (f). (i—k) Surface renders and
(I-n) 3D volume intensities for SPR reconstructed HAADF, EDS Pt, and EDS Ni 3D intensity distributions, respectively. Gray, red, and green
colors in panels b,i—k represent HAADF, EDS Pt, and EDS Ni signals, respectively. In panels c,J—n, the rainbow color scaling from blue to red
represents the signal intensity from minimum to maximum. Pixel values in panels gh and reconstructed voxel values in panels jkm,n are EDS

counts. All scale bars are 10 nm.

S1) 25 times lower than the measured critical dose for each
nanoparticle (5 X 107 electrons/A*), which ensures that the
original morphology and compositional distribution of the NPs
remain the same after data acquisition (Figure S7, and Table
S1).

Quantification of Nanoparticle Population Homoge-
neity. To perform spectroscopic single particle reconstruction,
STEM-HAADF and STEM-EDS images were simultaneously
acquired for over 1000 PtNi NPs as the beam is scanned pixel
by pixel (an example is shown in Figure la—d). As the
probability of generating characteristic X-rays (and of these X-
rays being detected) is much lower than the probability of an
electron scattering onto the HAADF detector, the SNR of the
STEM-EDS elemental images is lower than the HAADF image
data set. However, the direct, one-to-one correlation between
the pixels in the two data sets allows the high SNR HAADF
images to be used for particle identification and segmentation
of both data sets (for a full description see Methods).

Inorganic nanoparticles are typically less homogeneous in
size and shape than proteins and viruses, so selection criteria
need to be applied to prevent outliers from deteriorating the
quality of the single particle reconstruction. Analysis of the size
and composition of our PtNi NPs showed unimodal
distributions with a diameter of 20 + 2 nm and composition
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of 56 + 6 atom % Pt (mean =+ standard deviation; Figure 1fg,
and Table S2). The majority of the NPs (698 of 1056) have a
composition of 55—65 atom % Pt (blue bars in Figure le—g)
so this subset was chosen to demonstrate our spectroscopic
SPR approach. However, we note that for a bimodal or
inhomogeneous nanoparticle population it is possible to
perform several different reconstructions for different classes
of nanoparticle, where these different classes are distinguish-
able in the 2D data on the basis of the particles’ size, shape, or
composition. To illustrate this we have separately performed
an SPR reconstruction for NPs in the population with a lower
Ni content (compositions of 45—55 atom % Pt, see Figures
S17 and S18).

Spectroscopic Single Particle Reconstruction Work-
flow. The workflow we have developed for spectroscopic SPR
from STEM-EDS data is illustrated in Figure 2. Initially, a
conventional STEM-HAADF tilt-series ET data set is
reconstructed for a single PtNi particle (Figure 2a—c, full
details in Methods and Videos S1 and S2). The 3D electron
tomography reconstruction serves as an initial morphological
estimate that can be used to produce STEM-HAADF
reprojections with known orientations (Figure 2d). The SPR
input is a large data set of simultaneously acquired STEM-
HAADF and STEM-EDS images in which the nanoparticle
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Figure 3. Verification of the fidelity of spectroscopic SPR. (a) Distribution of matched nanoparticle orientations used for SPR. (b,c) Orthoslices of
YZ, XY, and XZ planes from ET and SPR HAADF reconstructions, respectively. The coordinate axes with respect to the 3D reconstructions are
shown in Figure 2. (d,fh) Experimental HAADF images and Pt or Ni elemental maps extracted from STEM-EDS spectrum images, respectively.
(e,gi) Reprojections generated from SPR reconstructions for HAADF STEM image, and Pt or Ni elemental maps, respectively. In (d—i), images
are acquired along approximately (110), (111), (113), and (100) crystallographic directions. Scale bars are 10 nm.

orientations are unknown (Figure 2f—h, Figure S8).
Orientations can be assigned to each nanoparticle in the
SPR data by cross correlating the ET STEM-HAADF
reprojections (Figure 2d) with the SPR STEM-HAADF
experimental images (Figure 2f, Figures S11—15). Once the
orientations are known, it is then possible to reconstruct 3D
HAADF and EDS intensities (Figure 2i—k and Videos S3, S4,
and SS).

Size analysis of the 475 SPR NP images matched to the ET
reprojections showed that these particles possess the same
distribution of diameters as the overall particle population,
offering an initial validation of the matching process (matched
particles are yellow and overall population is white in Figure
le—g). The use of an initial HAADF tilt-series tomographic
reconstruction speeds up the processing, and a similar
approach has been used in conventional SPR where a low-
resolution protein structure resolved by X-ray crystallography
can be employed as an initial estimate for the SPR
reconstruction.”** Nevertheless, most inorganic nanoparticles
are likely to possess a general geometric shape,””*’ ™ which
could be used as the initial estimate for SPR,”* particularly for
nanoparticles that prove too beam sensitive for ET tilt-series
acquisition.

Verification of the Fidelity of the Spectroscopic
Single Particle Reconstruction. To confirm the accuracy
of the orientation assignment, we perform a tilt-pair analysis
for S3 NPs at 0° and 30° tilt angles (see Methods). The
orientations of these tilt-pair particles were assigned using the
same cross-correlation procedures applied in spectroscopic
SPR. The angular differences between untilted and tilted
images were calculated based on the assigned orientations,
which had a mean of 29° + 8° (mean =+ standard deviation), in
good agreement with the nominal goniometer tilt angle of 30°
(details in Methods and Figures S9 and S10). The large
standard deviation in orientation assignment is due in part to
the 5° angular sampling interval used for the reprojections
from the ET reconstructed template. The orientations display
nearly complete angular coverage (Figure 3a), minimizing the
potential for reconstruction artifacts due to the presence of a
restricted tilt range in ET (commonly known as the “missing
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wedge” problem; Figure S6). A qualitatively good match
between the perimeter shapes of orthoslices obtained from ET
and SPR suggests the SPR has accurately reconstructed the
morphology of the PtNi NPs (Figure 3b,c). The differences
observed between the SPR and ET reconstructions are likely to
be due to the SPR reconstruction being an ensemble average of
hundreds of NPs, while the ET reconstruction is a single
“representative” nanoparticle. In addition, comparison of
experimental images and reprojections generated from the
SPR reconstruction show a qualitatively good agreement for
both HAADF images and elemental maps (Figure 3d—i). The
high similarity of this comparison indicates that neither the NP
population heterogeneity after size and composition selection
or the few nonmatched orientations affect the reconstruction
quality. The local reconstruction resolution, as assessed by the
ResMap method,”® is from 0.6 to 1.1 nm (see Supporting
Information for a comparison of ResMap and Fourier Shell
Correlation, Figures S1—4).

Visualization of 3D Chemical Inhomogeneity in the
PtNi NP Populations. On the basis of the reconstructed 3D
EDS intensity distribution, we performed EDS quantification
to determine the elemental Pt and Ni composition for each
voxel using a standardless Cliff—Lorimer approach (Figure 4)
(see Supporting Information for a brief discussion of errors in
the EDS quantification). Enrichment of Pt above the mean
composition of 59 atom % was observed in the NP core and at
vertices along (111) directions (red in Figure 4a,b, also
indicated by the arrows in Figure 4c). Enrichment of
Ni above 41 atom % occurs at the concave {110} type facets
and at vertices oriented along (100) directions (green in Figure
4a,b, also indicated by arrows in Figure 4d). As the particles are
all single crystals, we can use information from high-resolution
TEM (Figure S16) or STEM images to assign the atomic
structure to the reconstruction. In Figure 4ab, spheres
represent approximately four atoms to illustrate the atomic
arrangement in this nanocrystal for better clarity (see
Methods). A realistic atomic model was built by filling the
EDS atomic percentage reconstructions with atoms in the
correct crystallographic arrangement (Figure 4e,f, Figures S19
and $20 and Videos S9, S10, and S11). Individual atom species
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Figure 4. Visualization of 3D chemical segregation in the PtNi NP
population. (a,b) Quantitative SPR elemental reconstruction thresh-
olded at 59 atom % Pt (higher Pt content is shown red while lower Pt,
above 41 atom % Ni, is shown in green) viewed along (100) and
(110) directions, respectively. One eighth of the volume is cut from
each reconstruction (shaded) to reveal the internal elemental
distribution. Red and green balls illustrate the crystallographic
arrangement of atoms in this nanocrystal. (c,d) Slices through the
elemental distributions for Pt and Ni, respectively colored to reflect
the atom % for each element. Elemental enrichment on the (111)
vertices, {110} facets, and (100) vertices are indicated by different
arrows. Scale bar is 10 nm. (e,f) Two-atom thick slices extracted from
the atomic model (Video S9). Red and green atoms are Pt and Nj,
respectively. Further details of the quantitative thresholding and atom
fitting are described in Methods.

(Pt or Ni) were assigned randomly using the quantitative voxel
composition as a probability factor (for further information see
Methods). In summary, these concave rhombic dodecahedron
NPs display a complex inhomogeneous alloying with a Pt-rich
core, a Ni-rich hollow octahedral intermediate shell, and a Pt-
rich rhombic dodecahedral skeleton framework with less Pt at
(100) vertices (see Videos S6, S7, S8, and S9).

Previous characterization of this important catal_;rtic nano-
particle system was limited to 2D (S)TEM analysis,”” > which
can be difficult to interpret due to a complex structure being
projected along the third dimension. The methodology we
have described provides unambiguous information on
elemental segregation with details on facet-dependent
elemental segregation that has previously been inaccessible.
The 3D elemental reconstruction of these Pt—Ni concave
rhombic dodecahedral nanoparticles is consistent with
previous 2D elemental mapping results”’~>” in that it reveals
a Pt rich core and Pt rich edges (Figure 4). The Pt-rich core is
attributed to the Pt seeds used to nucleate the particles.’”*
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We also observe a depletion of Pt (Ni enrichment) on all
{110} faces, which has also been observed in octahedral PtNi
nanoparticles.”””**° However, our detailed characterization
has also revealed differences in composition of the different
vertices ((111) vertices are enriched in Pt while (100) vertices
are depleted in Pt compared to the mean NP composition).
Importantly, we observe the same elemental enrichment
behavior in our spectroscopic SPR reconstructions for particles
with a lower mean Pt content (45—55 atom % Pt, Figures S17
and S18), suggesting this is general to the whole nanoparticle
population.

Discussion. The complex compositional segregation we
observed cannot be simply explained by equilibrium
thermodynamics and are likely to be kinetically influenced by
the synthesis route, as demonstrated by the Pt-rich seed
observed in the nanoparticle core. The depletion of Ni on the
surfaces is also a result of the synthesis route and may be
attributed to the different strength of the interaction of Pt and
Ni with the oleylamine surface ligands.”” Ni atoms are more
easily oxidized than Pt, forming soluble metal complexes,
which leads to faster leaching of Ni from the surfaces during
aging.”” The different enrichment behavior of the vertices can
be explained by the drive to minimize both surface energy and
local lattice strain. The surface free energies®® for Ni are 2.011
J m™2 for {111}, 2.368 J m™> for {110}, and 2.426 ] m™> for
{100} surface facets, whereas those for Pt are 2.299 ] m™> for
{111}, 2.819 J m™2 for {110}, and 2.734 J m~2 for {100}. Both
elements therefore strongly prefer to sit on {111} facets but Pt
has the larger lattice parameter’’ (0.39 nm vs 0.35 nm for Ni)
so the enrichment of Pt we observe for the {111} vertices is
likely favored to minimize strain.

The distribution of Pt at different vertices will have an effect
on the catalytic performance of nanoparticles. Studies of flat
surfaces at different crystallographic orientations have revealed
that certain orientations are strongly favored for oxygen
reduction activity,”> and we would expect certain vertices to
similarly display a higher activity toward catalyzing reactions.
However, the atomic arrangement and local lattice strain
environments found at vertices are more complex than flat
surfaces. Understanding the nature of individual surface sites at
each vertex as a function of chemistry would be an interesting
area for further work. Such investigations could be coupled
with density functional theory or molecular dynamics
calculations to study the effect of variations in vertex chemistry
on catalytic properties.

We aim to develop our spectroscopic single particle
reconstruction further in a number of directions. The first
suggested development is with regards to the analysis of
inhomogeneous nanoparticle populations. In this study, we
have investigated nanoparticles with a very narrow distribution
in size, morphology, and chemistry, which is a prerequisite of
the reconstruction. The vast majority of inorganic nano-
particles have much wider distributions of these properties and
a single particle reconstruction might not at first seem
applicable. However, we have demonstrated a very simple
method of prefiltering particles by size and composition that
we have shown can be used to separate the particle population
in to different “classes” that can each be reconstructed
separately. We suggest that application of more complex
prefiltering, for example, by using machine learning ap-
proaches, could allow sorting of nanoparticles in to tens or
hundreds of “classes”, each providing a unique reconstruction,
which could then be ranked by statistical significance in terms
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of the overall population. This is one clear advantage of the
single particle reconstruction technique when compared to tilt-
series electron tomography; the reconstruction obtained is
representative of a larger subset of the nanoparticle population.
The corresponding drawback is that features possessed by only
a few particles may be lost in the reconstruction. One clear
future direction for this research will be to optimize particle
selection to balance the number of classes and the number of
identical particles in each class to perform a reconstruction
with a high signal-to-noise ratio that is representative of a
significant part of the nanoparticle population.

Additionally, utilizing the structural symmetry of the
nanoparticle could increase the SNR further but may generate
artifacts, since the imposed symmetry must be fulfilled during
orientation matching and reconstruction. For example, the
highest order symmetry applicable to the nanoparticles
investigated here is octahedral, which should result in a 12-
fold increase in SNR. We plan to utilize higher order
symmetries in future reconstructions but demonstrate here
that this is not necessary to achieve an appreciable SNR and
therefore nanoparticles possessing no symmetry could be
faithfully reconstructed.

The SPR approach we developed can also be extended to
other spectroscopic signals available in the microscope. For
example, EELS could be used to map elemental distributions,
bulk plasmons, or oxidation states of geometric nanoparticles
using the technique. In particular, the higher signal collection
efficiency of EELS may give it an advantage in 3D mapping of
lower atomic number elements.

In conclusion, we have developed a novel methodology for
spectroscopic STEM-EDS single particle reconstruction for
characterization of 3D elemental distribution at the nanometer
scale. Here we have applied the approach to relatively large
NPs (~20 nm in diameter) but it would be an interesting next
step to push the reconstruction resolution of the approach to
resolve atomic chemistry for smaller particles. It could then be
compared to another STEM-based 3D reconstruction
technique of atom counting,'’™"* which is a powerful approach
for atomic reconstruction of small particles but is currently
limited to one or two component systems. Compared to
traditional tilt-series STEM-EDS tomography, our SPR
approach has demonstrated a near 500 times reduction in
the required electron fluence per particle for the same
cumulative dose in the final reconstruction and has the
potential for further reduction simply by including more
particle images, or through combination with sparse sampling
and new reconstruction algorithms.”*™*" Our proof-of-
principle study demonstrates the capabilities of the spectro-
scopic SPR technique to reveal complex elemental distribu-
tions within PtNi concave rhombic dodecahedral-shaped
nanoparticles, which have been identified as one of the most
active ORR catalysts ever designed."”” The reconstruction also
provides new evidence for the importance of considering the
effects of crystallographic vertices and surface facets on local
elemental distribution.

The importance of advanced structural and elemental
characterization is being increasingly recognized as a necessary
step to designing new nanomaterials with improved properties.
The detailed structural information accessible using this
approach is therefore likely to reduce the computational
requirements for theoretical modeling of the energetics of large
(>2 nm) alloy nanoparticles*” and hence assist the realization
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of optimal nanoalloy NP design for catalysis, medical imaging,
and sensing.
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