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A new methodology is presented to count the number of atoms in multimetallic nanocrystals by combining energy dispersive X-ray
spectroscopy (EDX) and high angle annular dark field scanning transmission electron microscopy (HAADF STEM). For this pur-
pose, the existence of a linear relationship between the incoherent HAADF STEM and EDX images is exploited. Next to the num-
ber of atoms for each element in the atomic columns, the method also allows quantification of the error in the obtained number of
atoms, which is of importance given the noisy nature of the acquired EDX signals. Using experimental images of an Au@Ag core-
shell nanorod, it is demonstrated that 3D structural information can be extracted at the atomic scale. Furthermore, simulated data
of a Au@Pt core-shell nanorod show the prospect to characterize heterogeneous nanostructures with adjacent atomic numbers.

1 Introduction

Multimetallic nanocrystals are of great scientific and technological interest because of their unique
electronic, optical, or catalytic properties, which are often superior in comparison to their monometallic
counterparts [1, 2, 3, 4]. These properties are largely determined by the atomic structure and compos-
ition of the nanocrystal [5]. High angle annular dark field (HAADF) scanning transmission electron
microscopy (STEM) provides images with sub-Angstrom resolution in which intensities scale with both
thickness and composition [6, 7]. For monometallic nanocrystals, it has been shown that counting the
number of atoms from HAADF STEM images can be of great value in determining the exact arrange-
ment of all atoms in three dimensions (3D) [8, 9, 10, 11, 12, 13, 14, 15]. For heterogeneous structures,
however, the presence of so-called Z-contrast complicates this procedure, since the different elements
and their exact 3D arrangement in each atomic column will contribute differently to the image intensity
[16, 17, 18, 19]. Therefore, we developed a new methodology, which combines HAADF STEM ima-
ging and elemental mapping by energy dispersive X-ray (EDX) spectroscopy with atomic resolution
20, 21, 22, 23, 24]. This method offers new opportunities to count the number of atoms corresponding
to each specific element, even when the difference in atomic number is only one.



WILEY-VCH

It was previously shown that, by calibrating experimental HAADF STEM images with respect to the
number of incident electrons [25, 26, 27, 28|, one can count the number of atoms in a given atomic
column when directly comparing the calibrated experimental image intensities with simulated intensities
as a function of thickness [8, 14]. Hereby, one uses so-called scattering cross-sections, i.e. the total
intensity of electrons scattered by a single column. This measure is robust for imaging parameters
including e.g. defocus and source size broadening, and increases monotonically with thickness for ho-
mogeneous materials [8, 9, 14, 13, 29, 30]. To facilitate atom-counting for heterogeneous structures, we
introduced the atomic lensing model, which provides scattering cross-sections of mixed columns much
faster than time-consuming image simulations [16]. Still, prior knowledge about the overall shape and
thickness of the nanostructure is mostly required since the scattering cross-section values of different
mixed columns overlap in the presence of noise. Therefore, it has been suggested to record HAADF
STEM images with different detector settings [19, 31]. However, the detection of compositional differ-
ences in HAADF STEM becomes increasingly more challenging, or even impossible, when the difference
between the atomic numbers of the elements decreases. Alternatively, elemental maps can be acquired
using EDX spectroscopy. Nowadays, detector systems are available that enable even atomically resolved
EDX maps [32, 33, 34]. By including ionization potentials into simulations [22, 35], one can quantify the
EDX images on an absolute scale after normalizing with respect to the number of incident electrons.
This normalization is, however, challenging because factors such as detector efficiency and geometry
should be accurately measured [33, 36, 37, 38, 39, 40]. More recently, it was suggested to count atoms by
matching scattering cross-sections to library values obtained from experimental images of single element
wedge-shaped particles [41, 42, 43] . This, however, limits the applicability of atom-counting from EDX
maps since such samples are not available for every element. To overcome this limitation, we exploit

the existence of a linear scaling between EDX and HAADF scattering cross-sections. Using this linear
scaling, a novel methodology is proposed which combines EDX and HAADF STEM images to count the
number of atoms without requiring any EDX calibration standards. This method will be applied to an
experimental dataset from an Ag-coated Au nanorod, and the prospects of the method are additionally
illustrated for the analysis of nanostructures with adjacent atomic numbers, based on simulated data for
a Pt-coated Au nanorod.

2 Methods

2.1 Linear scaling between HAADF STEM and EDX scattering cross-sections

Theory:

Both HAADF STEM and EDX imaging are incoherent techniques. In HAADF STEM imaging, the re-
corded electrons mainly arise from thermal diffuse scattering (TDS) [44, 45]. In the so-called absorptive
potential approximation, appropriate for thinner samples [46, 47], the image intensity from the jth slice
of the specimen is then described by the overlap between the electron density of the STEM probe and a
high-angle TDS absorptive potential of the specimen VL (x) [48, 49, 50, 51]:

IHAADF( 0)
/|\IJSTEM X, X ){2 {1 — exp (—%V}J}%S(x)ﬂ dx (1)
/|‘I'STEM X, Xo { ]TDS X, (2)
where x = (x,y) is a 2D real space coordinate vector, xo = (2o, ¥o) is the electron probe position,

USTEM (% x4) is the electron wave function, and v is the speed of the electron. The total HAADF

STEM intensity from all J slices is then obtained by summing the intensity of each slice. Similarly, the
generation of X-rays, and therefore the recorded EDX signal, may be described by the overlap of the
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Figure 1: Coefficient of determination (R>-value) of the ADF-EDX linear dependence for a range of different inner and outer collec-
tion angles for an Au crystal.

probe electron density and a projected effective ionization potential V,;P* (x) [52, 22, 53, 54, 55]:

2 2
1P () = o [ W5 ) VR () )

Here, it is assumed that absorption of X-rays within the specimen is small and can be neglected, which
is reasonable for thin specimens [56]. Since the distributions of the TDS absorptive and effective ion-
ization potential are similar [57, 35], a linear relationship between the recorded image intensities in
HAADF STEM imaging and EDX spectroscopy is expected. The same linear relationship will exist for
the scattering cross-sections (SCS), corresponding to the total intensity of electrons scattered by a single
atomic column. In practice, these SCSs can be measured using statistical parameter estimation theory,
either by estimating the volume of a Gaussian peak that models the shape of the atomic column [58, 59]
or by integrating intensities over the probe positions in the vicinity of a single column of atoms [29].
This linear relationship indicates that, also in EDX STEM imaging, the scattering cross-section increases
monotonically with thickness and can thus be used to count the number of atoms in a column.

Sitmulations:

Since the equations in the previous sections involve some approximations, they are only valid for a high
inner angle of the annular STEM detector and thin specimens. Therefore, the linear relationship has
been further investigated using full frozen phonon multislice simulations for EDX and ADF STEM sig-
nals. Results of this extensive study have been discussed by Zhang et al. [60]. This study revealed that
ADF and EDX signals have a linear dependence if the signals are fully incoherent. To illustrate this re-
lation, ADF and EDX scattering cross-sections were simulated for all possible inner and outer collection
angles for an Au crystal in a [001] orientation with varying thickness (1-25 atoms), using an acceleration
voltage of 300 keV, a probe convergence semi-angle of 20 mrad, and no lens aberrations. The ADF scat-
tering cross-sections as a function of the EDX scattering cross-sections are fitted with a linear model and
the goodness of fit was determined by the coefficient of determination or so-called R?-value. A perfect
linear relationship results in an R? value equal to 1. Figure 1 shows the R?-values as a function of the
inner and outer detector angles. If the inner angle is larger than 40 mrad, then for this set of microscope
settings, i.e. the specific values for voltage and convergence angle used in the simulation, a linear de-
pendence can be expected between the ADF and EDX scattering cross-sections. The linear relationship
between both types of signals suggests that EDX STEM scattering cross-sections can indeed be used for
atom-counting.

Ezxperiment:

Since the amount of experimentally detected X-rays is determined by the exact detector geometry, effi-
ciency, solid angle, and holder shadowing, it is important to confirm this relationship experimentally for
our instrument. For this purpose, experimental HAADF STEM and EDX images of a CeOy nanoparticle
were recorded (see Figure. 2(a)-(c)). The scattering cross-sections were estimated from the HAADF
STEM image, by means of the StatSTEM software [59], where the image is modeled as a superposition



WILEY-VCH
2.2 Estimating the scaling parameters between HAADF STEM and EDX scattering cross-sections

-
]
2

=
o
=4
GO
= o
=

4
0

170809 1
ng THAADE STEM (e A5

Figure 2: Experimental HAADF STEM images of a CeO2 nanoparticle (a) before and (b) after EDX mapping. (c¢) Experimental
atomic resolution EDX elemental map for the Ce L shell. (d) The EDX STEM scattering cross-sections as a function of the HAADF
STEM scattering cross-sections. The gray line is shown to highlight the linear relationship between the scattering cross-sections of
both techniques.

EXPERIMENTAL DATA

StatSTEM:
Time-series of HAADF Gaussian model
STEM images
HAADEF STEM SCSs Correlate 5CSs from Mean experimental
time series SCSs for both HAADF
and and EDX STEM
; averaging SCSP
Time-series of EDX N Voronil E=le
elemental maps EDX STEM SCSs
Identify ’ Estimate scaling ’
number of atoms < parameters between |«
EDX and HAADF SCSs
SIMPLATIONS Atomic lensing model Simulated
MULTEM pure N i e | SCSs for both HAADF
element simulations Mixed element SCSs andSEDS)(S{S‘;I‘EM

Figure 3: Schematic of the method to count the number of atoms of each type, based on HAADF and EDX images.

of Gaussian peaks. The HAADF STEM scattering cross-section equals the volume under the estimated
Gaussian peak. Due to the lower signal-to-noise (SNR) ratio in the EDX STEM image, here the Gaus-
sian peaks are modeled using the estimated atomic column positions from the corresponding HAADF
STEM image. Even though CeQO, is relatively beam-stable, an HAADF STEM image is acquired before
and after EDX mapping to confirm the absence of intolerable structural changes. The mean scattering
cross-sections of the two HAADF STEM images are compared to the EDX scattering cross-sections on
a column-by-column basis, as shown in Figure 2(d). The results confirm the linear relationship between
both techniques highlighted by the fitted gray line. Deviations from this gray line can be explained by
the relatively low SNR in the EDX STEM image. In addition to the demonstration of the linear rela-
tionship between the HAADF STEM and EDX scattering cross-sections from theory and simulations in
the previous paragraphs, this relationship is hereby also confirmed based on a set of experimental scat-
tering cross-sections, validating the hypothesis that EDX STEM scattering cross-sections can be used for
atom-counting.
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2.2 Estimating the scaling parameters between HAADF STEM and EDX scattering
cross-sections

The atom-counting methodology for heterogeneous nanocrystals by combining HAADF STEM and EDX
is based on a comparison of experimentally measured scattering cross-section values and simulated scat-
tering cross-section values. For this purpose, the experimental HAADF STEM images are normalized
with respect to the incident beam using the method described by Rosenauer et al. [27], enabling one

to directly compare experimentally measured cross-sections to simulated values. For EDX imaging, the
proven linear relationship between the scattering cross-sections of the EDX and HAADF signals can be
utilized to simulate the EDX scattering cross-section values. For this purpose, scaling parameters are re-
quired for the multiple element types. Since these specimen dependent constants are altered by micro-
scope parameters, such as detector geometry and efficiency [36, 37, 38, 39, 40], a new quantitative frame-
work is proposed to estimate the scaling parameters iteratively. In this manner, the estimation of the
number of atoms is independent of the exact detector geometry, efficiency, fixed angle, and holder shad-
owing of the experimental set-up. The methodology, in which we combine the EDX and HAADF STEM
scattering cross-sections, will be explained for structures containing two types of elements but can be ex-
tended to multiple elements. A schematic of the method is shown in Figure 3.

Typically, due to the long acquisition time used during EDX imaging, a time-series of EDX and
HAADF-STEM images can be acquired. From these images, the scattering cross-sections are measured
using the well-established statistical parameter estimation framework implemented in StatSTEM [30],

as described in Section 2.1. Due to the low SNR in the individual EDX STEM images, the scattering
cross-sections in the EDX images are measured using Voronoi cells. With this approach, each pixel

is assigned to the nearest atomic column, with the positions of the atomic columns being determined
from the simultaneously recorded HAADF STEM images. To mutually correlate the coordinates of the
atomic columns in each time-series image, the drift between consecutive images is determined. Details
on this correlation procedure are described in the Supporting Information. In this manner, mean scat-
tering cross-sections with their corresponding errors are determined for each atomic column over the
time-series.

The monotonic increase of the scattering cross-sections with thickness can now be used to count the
number of atoms from both the HAADF and EDX STEM images. At this point, measured scattering
cross-sections are matched to simulated library values. The library values for the HAADF STEM scat-
tering cross-sections of the mixed atomic columns are generated using frozen lattice image simulations
of the pure element crystals [61, 62] in combination with the atomic lensing model [16]. Debye-Waller
factors are selected using the parametrization of Gao and Peng [63]. As demonstrated by Zhang et al.
[60], the atomic lensing model can also be used to predict EDX scattering cross-sections.

The main challenge is to estimate the two scaling parameters for the EDX cross-sections of the two
types of elements. It is assumed that the experimental HAADF scattering cross-section requires no
scaling with respect to simulation [26, 27, 13]. For a single atomic column, because of the unknown EDX
scaling parameters, there is an ambiguity between sample thickness and composition. It is, however,
possible to determine an upper and lower bound to the thickness from the HAADF scattering cross-
section by assuming the column is either entirely the lighter or heavier species respectively. For each
possible thickness, only one column composition can then match the HAADF scattering cross-section,
allowing the EDX scaling parameters then to be determined for that composition. By repeating this

for all possible thicknesses compatible with the HAADF scattering cross-section, it becomes clear that

a finite range of possible EDX scaling parameters for that single column is possible. For a sample with
variations in thickness and composition, different columns will lead to different possible ranges of scaling
parameters. With sufficient atomic columns in an experiment, the scaling parameters that are most
compatible with all of the columns can be determined.

For a practical method to estimate the normalization constants for the different elements determining
the scaling relation between the EDX and HAADF STEM scattering cross-sections, we combine the
experimental and simulated scattering cross-sections of both types of signals (EDX + HAADF) in one
framework. In this procedure, the weighted sum of squared differences between the experimentally
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measured mean scattering cross-sections SC'SP and the simulated scattering cross-sections SCS5™
from the different signals is minimized:

N 3
(2, d3) = argmin » > —— ! L SCSEm — SCSTRY. (4)

az,a3 O'
n=1 k=1 Fkn

In this expression, n is the atomic column index, N equals the total number of atomic columns and k
indicates the different signals. We set k& = 1 for the HAADF STEM signal, and k¥ = 2 and k = 3 for
the EDX measurements of two different elements. The scaling parameters, or normalization constants,
are denoted by ay, where a; = 1 for the HAADF STEM measurements. In this manner, only ay and

az are estimated for the scahng of the two different elements. Furthermore, S C’SS”“ and S C’SeXp denote
the simulated and experimental scattering cross-section value of column n for Slgnal k, respectlvely The
weights can be chosen equal to the inverse of the variance of the measured mean scattering cross-section
values o, since the measured EDX and HAADF scattering cross-section observations are not equally
reliable. Indeed, the SNR in the EDX images is relatively low as compared to the HAADF STEM im-
ages and the error on the mean scattering cross-sections is therefore higher for the EDX measurements.
This knowledge is incorporated into the estimation algorithm via the weights.

The scaling parameters as and a3 are estimated in an iterative framework. For each iteration, i.e. for the
intermediate values of the scaling parameters before convergence is reached, the best matching compos-
ition and thickness for each atomic column are determined by the minimized weighted squared differ-
ences between the library values and the normalized EDX and HAADF STEM scattering cross-sections.
A limited thickness range and a limited set of compositions can be evaluated as discussed above. In the
analyses that follow in Sections 3.1 and 3.2, core-shell structures are studied, reducing the possible atom
orderings to be assumed. Nevertheless, the change in scattering cross-section due to a different ordering
of the atoms within an atomic column is small and can only be detected at very high doses [64]. There-
fore, assuming a specific ordering will not affect the assigned number of atoms in each atomic column at
the typically used incident electron doses.

Having found the best-fit thickness and composition for all available columns given the current estim-
ation of the scaling parameters, the refinement of the scaling parameters is performed by applying a
derivative-free unconstrained non-linear optimization method, the Nelder-Mead simplex method [65],

to Equation(4). Once the scaling parameters are estimated, the number of atoms per element in each
atomic column is identified.

In the next Section, the method will be applied to Ag@Au and Pt@Au bimetallic nanoparticles.
However, the method will also be applicable to other systems such as core-shell semiconductor nano-
structures and materials containing light elements. In case the X-ray energies of different elements in a
heterogeneous nanostructure are critically overlapping, reliable elemental maps cannot be obtained and
therefore the method cannot be used to unscramble the number of atoms in those cases. Nevertheless,
modern instrumentation has an excellent energy resolution (< 140 eV') which allows distinguishing

e.g. Au and Pt spectra [66, 67]. If elemental maps with enough detected X-rays are available, the key
point to apply the method is the linear relationship between the EDX and HAADF scatering cross-
section values. If this requirement is fulfilled, which will be more easily for lighter elements, then reliable
atom-counting results can be expected.

3 Results

3.1 Proof of concept experiment on an Ag@Au nanorod

The method to count atoms in heterogeneous nanocrystals using EDX STEM imaging is applied to ex-
perimental EDX and HAADF STEM images of an Au@Ag core-shell nanorod. A total acquisition time
of 60 minutes was applied to collect a significant EDX signal, using a beam current of approximately
50 pA. Individual EDX maps were acquired every 5 minutes, followed by the acquisition of a HAADF
STEM image. Using this procedure, possible beam damage can be tracked during the acquisition of the
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Figure 4: (a) Experimental HAADF STEM images of an Au@Ag core-shell nanorod recorded before, after 30 minutes, and after 60
minutes of EDX mapping. The nanorod remains sufficiently stable over time. (b) Experimental time-series of HAADF STEM and
EDX elemental maps. (¢) Measured average scattering cross-section values from HAADF STEM images and EDX elemental maps
for Ag and Au.

images. To reduce the acquisition time, this procedure was applied to a selected part of the Au@Ag
core-shell nanorod where mixed atomic columns are observed, as indicated in Figure 4(a). The HAADF
STEM images in Figure 4(a) indicate that the particle remains sufficiently stable under the electron
beam. The experimental time-series for HAADF STEM imaging and the corresponding Ag and Au EDX
maps are shown in Figure 4(b). The average scattering cross-section values measured from the maps are
presented in Figure 4(c). The atom-counting results obtained using the methodology described in section
2.2 are presented in Figure 5. The method was applied to the atomic columns located inside the white
rectangle in Figure 5, for which the EDX signal was recorded. Outside this rectangular region, Ag atoms
are counted using only HAADF STEM imaging, since it can be observed from the HAADF STEM
contrast that this region only contains the Ag shell. The counting results for both types of elements
agree well with the expected results for a symmetrical Au@Ag core-shell nanorod, based on the contrast
of the HAADF STEM images. It should be noticed here that, in contrast to the approach of van den
Bos et al. [16], we do not exploit any prior knowledge about the shape or thickness of the structure.

To further investigate the accuracy and precision of the obtained atom-counting results using our novel
algorithm, we also determined the root mean squared error (RMSE) on the atom-counting results inside
the rectangular region of Figure 5. The RMSE could be obtained using noise realizations of empirical
simulations. Details of the empirical simulations for the RMSE analysis are described in the Supporting
Information. The average error on the number of atoms in a column and the error on the total number
of atoms are summarized in Table 1. The RMSE is a bit larger for the lighter Ag atoms as compared to
the RMSE for the Au atoms or the total number of atoms. The RMSE for each atomic column is visual-
ized in Figure S2 together with the number of atoms for each column. From this figure, also the spatial
distribution of the RMSE can be studied and it is clear that the error is larger for the mixed columns
containing atoms from both the Au core and the Ag shell. For the atomic columns containing only Ag
shell atoms, the error is significantly smaller in the analyzed region as compared to the error of the pure
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number of Ag atoms

number of Au atoms

Figure 5: Number of (a) Ag and (b) Au atoms, shown as an overlay on the experimental HAADF STEM images of an Au@Ag
core-shell nanorod. The white square indicates the region where Ag and Au atoms are counted by combining EDX and HAADF
STEM imaging.

type total number of atoms + error average error in a column
Ag (114 037 £ 691) atoms + 5.6 atoms
Au (37 083 + 339) atoms =+ 2.5 atoms
total number of atoms (Ag+Au) (151 120 + 370) atoms + 3.2 atoms

Table 1: Summary of the RMSE on the total number of atoms and the average error on the estimated number of atoms in a
column for Ag, Au, and the total number of atoms for the Au@Ag core-shell nanorod.

Ag columns. Given the highly noisy nature of the EDX signals and the total number of atoms in the
atomic columns going up to more than 80 atoms, the obtained errors are more than acceptable.

3.2 Exploring possibilities through a simulated Au@Pt nanorod

In the experimental study, the large difference in atomic number between Ag and Au enables one to
also extract information to identify the number of Ag and Au atoms from HAADF STEM images only,
assuming some prior knowledge about the shape of the particle [16]. This becomes impossible when ele-
ments with similar atomic numbers are present. Especially for these materials, the new framework offers
new opportunities to count atoms since EDX spectroscopy allows one to record images element-wise. To
illustrate this, HAADF STEM images and EDX maps of an Au@Pt core-shell nanorod were simulated.
The simulated HAADF STEM image and corresponding Pt and Au EDX elemental maps are shown in
Figure 6. The simulated core-shell structure is relaxed by molecular dynamics simulations employing
the embedded atom method potential [68] using the LAMMPS open source code [69] and contains 1370
Pt atoms and 281 Au atoms. The image simulations were performed using the muSTEM package [47]
along the [001] orientation. An acceleration voltage of 300 kV, a semi-convergence angle of 20 mrad, a
Debye-Waller factor corresponding to 290 K, a pixel size of 0.2454 A and no aberrations were chosen.
The HAADF detector ranges from 50 to 150 mrad and averaging over 30 unique phonon configurations
was performed. For the EDX signals the 2p orbitals of Pt and Au were used to create the elemental
maps. Libraries for the pure element columns were simulated under the same conditions for a [001] Pt
and Au FCC crystal.

First, the methodology was applied to the infinite dose simulations. The ground truth number of atoms,
estimated number of atoms, and difference maps (ground truth - estimated) are also presented in Fig-
ure 6. The observed differences in the atom-counting results are directly related to the unavoidable small
mismatch between the simulated library of scattering cross-sections assuming the bulk unit cell and the
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Figure 6: Simulated HAADF STEM image and EDX elemental maps of an Au@Pt core-shell nanorod, together with the ground
truth atom-counts, the estimated atom-counts, and the difference maps for the total number of atoms and both the number of Pt
and Au atoms in an atomic column.

measured scattering cross-sections from the relaxed Pt-Au nanorod. The difference maps obtained for
the simulation of the Au@Pt nanorod using the unrelaxed structure do not reveal any miscounted num-
ber of atoms in the columns (see Figure S3).

Next, the simulation set-up is made similar to an experimental set-up corresponding to EDX mapping
of 60 minutes where the results are stored every 5 minutes followed by the acquisition of a HAADF
STEM image. For this purpose a time series of 12 images is generated. After that, Poisson noise (50
noise realizations) is included in the simulated HAADF STEM image and the EDX elemental maps in
order to evaluate the effect of a limited incident electron dose on the obtained counting results. For the
HAADF STEM image an incident electron dose of 5 - 10* e~ A~2 per frame is used and for the EDX
elemental maps 5 - 106 e"A=2. In order to get some extra insight in the atom-counting errors for the
different elements and the total number of atoms,; the collection efficiency of the EDX signal was varied
from 100% to 1%. An example of such a simulated dataset is shown in Figure S4(a), for a collection
efficiency of 5%. For the set of simulations as a function of the collection efficiency, the average RMSE
for the number of atoms in the column was evaluated. The result is presented in Figure 7. The angular
efficiency of our SuperX system is 0.7.57/(4x), which is about 5%. In that case, the average error is less
than one atom. The RMSE per atomic column for 5% efficiency is also shown in Figure S4(b). From
this figure, it can be observed that the RMSE reaches values up to 3 for the number of Pt and Au atoms
in the mixed atomic columns, but is less on average. However, shadowing from the holder can block up
to 50% of the EDX signal, reducing the collection efficiency further to 2.5%. In that case the error on
the atom-counting results would increase significantly. From Figure 7, we can also extract the expected
RMSE when changing the electron dose for the acquisition of the EDX signal. For example, when doub-
ling the incident electron dose, the RMSE will correspond to the value shown at the double collection
efficiency. However, since the EDX experiments are already very dose-consuming, increasing the electron
dose is unfavorable because we want to avoid as much as possible beam damage. This RMSE analysis
indicates, that if we act with great caution during the experimental acquisition, reliable counting results
can be obtained for the different types of elements. On the other hand, it also reveals that, with the cur-
rent collection efficiency, we are at a turning point for a trustworthy quantification of the EDX signals at
the atomic level in terms of e.g. number of atoms. The introduction of new instruments with an angular
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Figure 7: Average RMSE per atomic column as a function of the collection efficiency of the EDX signal for counting the number of
Pt, Au, and total atoms for the PtAu nanorod.

efficiency towards 457 /(4m) ~ 30% [70, 67] will greatly benefit quantification at the atomic level. This
new type of detector will also bring new capabilities to study more beam-sensitive nanostructures, such
as light element structures, for which limiting the incident electron dose during imaging is essential.

4 Conclusion

In summary, we have introduced a new method to unambiguously count atoms in heterogeneous nano-
crystals. Here the linear relationship between the scattering cross-sections in EDX and HAADF STEM
imaging enables us to combine theses techniques. By applying this approach successfully to experimental
images of Au@Ag and simulated Au@Pt core-shell nanorods, we have demonstrated that it enables one
to retrieve the number of atoms of each element. With noise realizations of (empirical) simulations, we
could also quantify the RMSE on the estimated number of atoms for the 2 types of elements and the
total number of atoms. Given the noisy nature of the EDX signals, the obtained errors are remarkably
tolerable in order to quantify nanostructures at the atomic scale. Considering that this novel methodo-
logy can be applied even when elements have almost identical atomic numbers, it opens up new oppor-
tunities to reveal the 3D structure atom-by-atom for a wide variety of multimetallic nanocrystals.

5 Experimental Section

Au@Ag nanoparticle synthesis:

Chemicals: Gold (III) chloride trihydrate (HAuCly, > 99%), hexadecyltrimethylammonium bromide
(CTAB, > 99%), benzyldimethylhexadecylammonium chloride (BDAC, 99%), sodium borohydride
(NaBH,4, > 98%), silver nitrate (AgNOgs, > 99%), hydrochloric acid (HCI, 37%) and ascorbic acid
(AA, > 99%) were purchased from Sigma-Aldrich. All reactants were used without further purification.
Milli-Q water (resistivity 18.2 MQ- cm at 25°C) was used in all experiments. All glassware was washed
with aqua regia, rinsed with Milli-Q water, and dried before use.

Synthesis of gold nanorods [71]: Gold nanorods were prepared using Ag-assisted seeded growth.
Seeds were prepared by reduction of HAuCly (0.25 mM, 5 mL) with freshly prepared NaBH, (10 mM,
0.3 mL) in aqueous CTAB solution (100 mM). An aliquot of seed solution (0.5 mL) was added to a
growth solution (250 mL) containing CTAB (100 mM), HAuCl, (0.5 mM), ascorbic acid (0.8 mM),
AgNO; (0.12 mM), and HCI (19 mM). The mixture was left undisturbed at 30°C for 2 h. The solution
was centrifuged twice (8000 rpm, 30 min) to remove excess silver salt, ascorbic acid, CTAB and HCI,

10
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and redispersed in BDAC 10 mM.

Silver-coated gold nanorods[72]: To a dispersion of gold nanorods (10 mL) containing BDAC

(10 mM) and metallic gold (0.25 mM) at 60°C, were added solutions of AgNOj3 (0.25 mL, 10 mM) and
AA (0.1 mL, 100 mM) under vigorous stirring. The mixture was stirring at 60°C for 4 h. Finally, the
obtained solution was centrifuged and redispersed in water.

EDX and HAADF STEM imaging:

The experimental EDX and HAADF STEM images have been recorded at a probe-corrected Thermo
Fisher Scientific Titan® equipped with a SuperX system, operated at 300 keV. The HAADF STEM
regime hs been selected using a probe convergence semi-angle of 20 mrad and a STEM detector with
collection angles ranging from 46 to 215 mrad. For CeO,, the EDX image, yielding atomic resolution,

is obtained by mapping for 17 minutes with a beam current of approximately 170 pA. For the Au@QAg
nanorod, a total acquisition time of 60 minutes is applied using a beam current of approximately 50 pA.
More details on the experimental data acquisition are described in the Supporting Information.

Supporting Information
Supporting Information is available from the Wiley Online Library or from the author.
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1 Data acquisition

Fast scanning multi-frame EDX-ADF STEM imaging is proven to be effective in suppressing beam dam-
age [1]. Therefore, a time series of EDX and HAADF STEM images is acquired. For a reliable analysis
of the EDX signals, the total EDX counts should be high enough to obtain a sufficient signal-to-noise ra-
tio in the EDX elemental maps. Due to the small EDX scattering cross-sections and the limited collec-
tion efficiency of the detector, we need a sufficiently long acquisition time to accumulate enough counts.
Though it may vary for different elements and microscope settings, a good rule of thumb for a signal-
to-noise ratio of 5 with a detector efficiency of 2.5%, is to use a total electron dose at the order of 107 —
108 e~/ A2, For the Au@Ag nanorod, the total acquisition time was 60 minutes, using a beam current

of 50 pA and scanning area of 14.3 x 15.1 A%, Note that only a rectangular area of this scanning area
has been used for atom-counting in the mixed atomic columns. The EDX spectrum imaging results are
stored every five minutes, followed by the acquisition of a calibrated HAADF STEM image. In this man-
ner, the HAADF STEM images can be used to track any undesirable effects during the acquisition, such
as e.g. high drift, beam induced tilt, contamination, and damage of the specimen. On the other hand,
these atomic resolution HAADF STEM images serve as an input to correlate the time-series of HAADF
STEM images and the corresponding EDX elemental maps. It is important to note that the recent sim-
ultaneous ADF-EDX multi-frame capability in modern acquisition software facilitates this correction
process.
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2 Correlating time-series images

The relation between the coordinates of the atomic columns in the images of the time-series is found by
describing the drift between the consecutive images as an affine transformation T, including horizontal
shear «ay, vertical scaling (3, and shift in the x— and y—direction z and y,:

r(B1) - 56 B 0

Here, x and y is the coordinate set to which the affine transformation is applied. The affine transforma-
tion T is found by minimising the squared difference between the pixel intensities of consecutive images.
In this manner, the atomic columns in consecutive images can be correlated.

3 Empirical simulation of EDX and HAADF STEM scattering cross-
sections for RMSE analysis

A set of empirically simulated scattering cross-sections for both EDX and HAADF STEM can be com-
puted using the estimated scaling parameters and estimated number of atoms determined from the
experimental Ag-coated Au nanorod. The procedure that is followed is schematically shown in Fig-

ure 1(a). For each atomic column with a specific composition and containing a specific number of atoms
derived from the experiment, a value for the HAADF STEM scattering cross-section can be obtained
using the simulated scattering cross-sections for the mixed columns. Based on the estimated scaling
parameters for Ag and Au, a set of EDX scattering cross-sections can also be obtained for both types

of elements. For the composition we assume here a symmetrical core-shell particle. In order to create

a dataset which replicates the experimental conditions, the noise-free set of scattering cross-sections is
duplicated 12 times to mimic the 12 images of the time-series. Next, 50 noise realisations of the dataset
are generated. As a first step, Poisson noise is included using the experimental incident electron dose

for the HAADF STEM images (3.6 - 10* e"A~2 per frame). Additionally, the effect of scan distortions is
included in the simulation of the scattering cross-sections. Based on a previous study, this scan distor-
tion is modelled as a normal distribution with a variance of 4.5 - 10™*p,, with u, the average scattering
cross-section of an atomic column with g atoms [2]. For the EDX scattering cross-sections, Poisson noise
can be directly applied to the scaled simulated scattering cross-sections values. Indeed, the simulated
scattering cross-section values multiplied with the estimated scaling factors include the effect of the
experimental incident electron dose used for EDX imaging. In Figure 1(b), a set of empirically simulated
scattering cross-sections is plotted as a function of the number of atoms in the column. The variability
in this scatter plot is comparable with the variability in the scatter plot of the experimentally measured
set of scattering cross-sections values. The excellent agreement for both the EDX as well as the HAADF
STEM scattering cross-sections supports the validity of this empirical approach.

For each noise realisation, the scattering cross-sections are then averaged over the empirically simulated
time-series to get mean values together with a measure for their precision. In the following step, the em-
pirically simulated scattering cross-sections are matched to the simulated values assuming a linear scal-
ing between the STEM and EDX scattering cross-sections using the iterative weighted least squares min-
imisation described in the methodology. From the 50 sets of estimated number of atoms from the differ-
ent noise realisations, the root mean squared error can be determined.
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Figure 1: (a) Schematic of the empirical simulation of scattering cross-section values. (b) Example of empirically simulated EDX
and HAADF STEM scattering cross-sections compared to the experimentally measured scattering cross-sections as a function of the

estimated number of atoms.
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Figure 2: Number of atoms and RMSE for each atomic column for Ag, Au, and the total number of atoms.
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Figure 3: Difference map between the ground truth and estimated atom-counts for the total number of atoms and both the Pt and

Au number of atoms in an atomic column for the unrelaxed Au@Pt nanorod.
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Figure 4: (a) Example of a simulated time-series of HAADF STEM images and Pt and Au elemental maps with 5% collection effi-
ciency. (b) RMSE per atomic column for Pt, Au, and the total number of atoms.



