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Determining the 3D atomic structures of multi-element nanoparticles in their native liquid
environment is crucial to understanding their physicochemical properties. Graphene liquid cell

(GLC) TEM offers a platform to directly investigate nanoparticles in their solution phase. Moreover,
exploiting high-resolution TEM images of single rotating nanoparticles in GLCs, 3D atomic structures
of nanoparticles are reconstructed by a method called “*Brownian one-particle reconstruction”. We
here introduce a 3D atomic structure determination method for multi-element nanoparticle systems.
The method, which is based on low-pass filtration and initial 3D model generation customized for
different types of multi-element systems, enables reconstruction of high-resolution 3D Coulomb
density maps for ordered and disordered multi-element systems and classification of the heteroatom
type. Using high-resolution image datasets obtained from TEM simulations of PbSe, CdSe, and FePt
nanoparticles that are structurally relaxed with first-principles calculations in the graphene liquid cell,
we show that the types and positions of the constituent atoms are precisely determined with root
mean square displacement values less than 24 pm. Our study suggests that it is possible to investigate
the 3D atomic structures of synthesized multi-element nanoparticles in liquid phase.

Atomic structure analysis of colloidal nanoparticles is required for understanding and utilizing their distinctive
chemical properties'~. X-ray diffraction is used for a wide range of materials to investigate the fine structural
characteristics*®. X-ray absorption spectroscopy is also a powerful technique to acquire surface-related atomic
structural information’. X-ray diffraction and X-ray absorption spectroscopy provide only ensemble information
and cannot be used to analyze individual nanoparticle structures. Electron tomography can directly resolve 3D
atomic structure of an individual nanoparticle by reconstructing a 3D density from tens of tilt series of STEM
images, by which atomic structures of various nanoparticles with alloying, multiple twins, and amorphous phases
are revealed®’. However, a vacuum condition that is typically required to acquire for transmission electron
microscopy (TEM) can lead to structural deformation of the nanoparticles'’, which hampers precise determi-
nation of structure-property relationships®®!!-'4. In this respect, development of method to resolve 3D atomic
structure in native condition is in growing importance''2.

Brownian one-particle 3D reconstruction is a promising method to directly resolve the 3D atomic structure
of nanoparticles in their native liquid environment'*~'°, which has an advantage to analyze their native structures
in liquid media or their structural change under various reaction condition'*™'®. For examples, observing growth
trajectories of colloidal nanoparticles with time-resolved 3D atomic structures allows us to understand the shape
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evolution mechanism depending on the synthetic condition. In Brownian one-particle reconstruction, 3D atomic
structures are determined by estimating the 3D orientations of high-resolution 2D TEM images with different
unknown projection directions of a rotating nanoparticle. Recently, Brownian one-particle reconstruction suc-
cessfully revealed the 3D atomic structures of individual Pt nanoparticles with 19 pm precision' and enabled
detailed surface structure analysis of ligand-protected nanoparticles'®. This method can be readily applied to
investigate structural details of various metallic nanoparticles composed of a single element. However, many
nanoparticles of importance for catalysis and opto-electronic applications have complex crystal structures and
compositions®®?!. A technical improvement is therefore needed to expand the application of Brownian one-
particle reconstruction to reveal atomic structures of multi-element nanoparticles. For example, in disordered
metallic alloy nanoparticles, surface atomic arrangement?»* and strain induced by heteroatoms®*? affect their
catalytic activity and stability. Introduction of heteroatoms can induce different phases and domains within the
nanoparticle, which tunes the catalytic properties of metallic alloy nanoparticles?*-*. In quantum dot nanopar-
ticles, the distortion of bond lengths and bond angles, the distribution of dopants, and the atomic arrangement
at interfaces cause modification of their electronic structures®”*°. Moreover, surface defects of quantum dots
are strongly related to charge carrier trapping®-**. Atomic structure analysis through Brownian one-particle
reconstruction has the potential to reveal the distribution of heteroatoms, how they induce atomic strain, how
they distort the atomic bonds, and allow precise localization of defects in nanoparticles in the solution phase.
However, one critical challenge is how to classify heteroatoms in the Coulomb density maps of multi-element
nanoparticles obtained from Brownian one-particle reconstruction.

In this study, we introduce a 3D reconstruction strategy for multi-element nanoparticles. A workflow for
obtaining 3D atomic structures for disordered and ordered multi-element nanoparticle systems is proposed,
including image processing, initial 3D model preparation, low-pass filtration, and atom type classification. The
3D reconstruction process is simulated by reconstructing various multi-element nanoparticles from simulated
2D TEM images. The 3D reconstructions of geometrically optimized fcc FePt alloy, rocksalt PbSe, zinc blende
CdSe, and wurtzite CdSe nanoparticles by density functional theory (DFT) calculations result in successful
assignments of both atomic positions and types, showing that multi-element nanoparticles can be reconstructed,
regardless of their phase, domain distribution, compositional randomness, or atomic number difference between
the constituent atoms. Our method has the potential to expand the applicability of Brownian one-particle 3D
reconstruction to multi-element nanoparticle systems.

Strategies for multi-element nanoparticle 3D reconstruction. Reconstruction of the 3D atomic
structures of multi-element nanoparticles requires strategies tailored to their structural characteristics. Ordered
multi-element nanoparticles, such as wurtzite CdSe and rocksalt PbSe, have ordered lattice structures with peri-
odic arrangements of the constituent atoms. Disordered multi-element nanoparticles also have a periodic lattice,
but different types of atoms randomly occupy sites in the lattice. Examples of disordered multi-element nanopar-
ticles include alloy FePt, preserving fcc-like crystal structure. The procedure for 3D reconstruction of ordered
and disordered multi-element nanoparticles is summarized in Fig. 1.

As an initial step, low-frequency components originating from the liquid background are removed by averag-
ing consecutive frames of in-situ TEM data, defined as moving averaging hereafter. Nanoparticles in consecutive
frames of in-situ TEM data usually have very similar projection direction, thus moving averaging reduces the
low-frequency liquid noise and enhances the signal to noise ratio (SNR). 3D reconstruction is initiated with an
initial 3D model, and it guides finding the first relative 3D orientations of the 2D images that are subsequently
refined. Different types of initial 3D models are used for ordered and disordered multi-element systems. In the
ordered systems, an initial 3D model which has the same crystal structure and compositional arrangement as
the targeting material is used. In the case of disordered systems, a probabilistic initial 3D model is generated by
using PRIME*. Next, 3D reconstruction of the two different systems is conducted by different low-pass filtering
strategies to control the frequency range used for matching reprojections of the 3D density with the 2D views.
The low-pass filtering strategy for reconstructing the ordered systems is referred to as single-step reconstruction,
since a single cut-off frequency of the low-pass filter is applied to include the majority of peaks in reciprocal space.
Two-step reconstruction is suggested for 3D reconstruction of disordered multi-element systems. In the first step
of two-step reconstruction, the cut-off frequency of the low-pass filter is set below the frequency of the peaks in
reciprocal space, excluding lattice information. The second step utilizes lattice information by setting the cut-off
frequency of the low-pass filter to include the peaks. Successful reconstruction of high-resolution 3D Coulomb
density maps allows the 3D atomic positions to be assigned by identifying local maxima in the 3D density map.
Plotting the intensity of the assigned atomic positions against the distance from the center of mass of the nano-
particle displays groups of points with different intensity, allowing classification of the different types of atoms.

3D reconstruction of multi-element nanoparticles is nontrivial, because the introduction of heteroatoms in
the host crystal structure complicates the signal in reciprocal space. To understand the effect of the introduction
of heteroatoms in the power spectrum of single-element, ordered multi-element, and disordered multi-element
nanoparticles, we simulated those systems using 1D models constructed with the same period. From the 1D
model systems, the intensity profile and power spectrum were obtained (Fig. 2a). As seen in the 1D intensity
profiles and their power spectra, multi-element systems have additional information due to the distribution of
heteroatoms, which is lacking in single-element systems.

The intensity profile of the 1D model for single-element systems shows a repeating array of peaks with
identical intensity (Fig. 2a, top) and a power spectrum with a peak at frequency zero as well as additional peaks
separated according to the reciprocal lattice parameter. The intensity profile of the 1D model for ordered multi-
element systems, with a motif consisting of two elements, shows a repeating pattern of two peaks with different
intensity (Fig. 2a, middle). The peak positions are the same as for the single-element systems, because the 1D
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Figure 1. Overview of 3D reconstruction of multi-element nanoparticles. Ordered and disordered multi-
element nanoparticles follow different pathways to obtain the atomic-resolution 3D structure. Low-frequency
liquid noise is removed from the in-situ 2D TEM images first. Ordered multi-element systems are reconstructed
through single-step reconstruction. The initial 3D model for ordered multi-element systems is phase and
composition-controlled and the low-pass filter cutoft frequency includes the majority of the power spectrum
peaks. Disordered multi-element systems are reconstructed through two-step reconstruction. The initial 3D
model for disordered multi-element systems is obtained through probabilistic ab initio 3D reconstruction, with
a low-pass limit cut-off frequency that vary depending on the stage of reconstruction (1st step: excluding lattice,
2nd step: including lattice). After the reconstruction, atom types are classified through analyzing the density
variations in the reconstructed 3D density.

models used in these two cases have the same periodicity. The power spectral density distributions of the two
systems are expected to be different because the introduction of heteroatoms modifies the Fourier structure
factors®. The 1D model for disordered multi-element systems has elements of two atomic species randomly
distributed with uniform interatomic distance. It results in a richer intensity profile and power spectrum (Fig. 2a,
bottom). We verified that introduction of heteroatoms modifies the low-frequency signal in 2D by comparing the
TEM images of Pt and FePt nanoparticles obtained by experiment and simulation (Figs. S1 and S2), suggesting
that careful experimentation with the low-pass frequency limit used in the initial stages of 3D reconstruction is
likely to be as important as the production of an appropriate initial 3D model.

The initial 3D model is important for robust convergence of the 3D reconstruction process for multi- and
single-element nanoparticles (Fig. 1). We argue that different initial 3D model approaches should be used for
ordered and disordered multi-element systems. An initial 3D model embedding lattice information, which
has the same phase and composition as the target material system, is suitable for 3D reconstruction of ordered
multi-element systems®®. For disordered multi-element systems, the situation is similar to that of 3D reconstruc-
tion of proteins by cryo-EM and single-particle analysis, where ab-initio initial 3D models are generated using
a probabilistic approach™.

TEM images obtained from a GLC include significant background from the encapsulated liquid pocket,
which needs to be reduced for successful 3D reconstruction. We compared nanoparticles contained in the GLC
with those in vacuum through TEM simulation to study the effect of the low-frequency signal introduced by the
GLC (Fig. 2b,c). The GLC creates a halo-ring effect in the low-frequency region, as shown in the power spectrum
images of simulated TEM images and their corresponding line profiles (Fig. 2b,c). The intensity distribution
of power spectrum peaks (ordered multi-element systems) or more complex signal distribution patterns (dis-
ordered multi-element systems) can be obscured by the low-frequency “noise” from the GLC. 3D structures
reconstructed from simulated TEM images with GLC-induced low-frequency noise confirm that GLC-induced
noise can interrupt high-resolution reconstruction (Figs. $3 and S4).

Averaging a series of TEM images that represents a nanoparticle, maintaining constant projection direction,
in fluctuating liquid environment can be an efficient strategy to reduce GLC background noise. To validate this
strategy, ten simulated TEM images of a nanoparticle with a fixed orientation were generated with ten different
liquid coordinates and averaged into one image. Averaging diminishes GLC-induced low-frequency noise, as
confirmed by the reduced intensity of the halo ring effect in the power spectrum of the averaged image (Fig. 2b,c).
Moving averaging of in-situ TEM images is likely an effective way to remove undesirable GLC signals, considering
that nanoparticles can maintain the same projection direction in a few consecutive in-situ TEM images. Moving
averaging tends to increase the intensity of both low-frequency noise and nanoparticle signal (Fig. S5). The degree
of signal enhancement is much greater for the nanoparticle signal compared to the low-frequency noise, making
the undesired GLC signals suppressed (Fig. S5). In the experimental application, it is required to optimize moving
averaging depending on the nature of the rotating nanoparticle in the liquid cell, which is affected by the type
and thickness of the liquid, surface interactions, and the signal-to-noise ratio. It is not desired to average image
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Figure 2. (a) Unit cell structures, 1D models and their intensity profiles, power spectrum of 1D modeled
intensity profiles, and different low-pass limitation strategies for single-element, ordered multi-element, and
disordered multi-element systems. (b—c) Simulated TEM images of multi-element nanoparticles, their 2D power
spectra, and corresponding line profiles for nanoparticles without liquid (left, orange), with liquid (medium,
green), and with liquid and averaging (right, blue). The line profiles are extracted from marked lines on the 2D
power spectrum images. (b) ordered multi-element nanoparticles (zinc blende CdSe), (c): disordered multi-
element nanoparticles (disordered fcc FePt).

frames including different orientations of the particle. Beam-induced anisotropic motion is also commonly used
for in-situ TEM images and weighted time window averaging in conjunction with anisotropic motion correction
will further assist in the successful 3D reconstruction of multi-element nanoparticles from experimental data®’,

Test results. PbSe (rocksalt) and CdSe (wurtzite and zinc blende) nanoparticles with 2.5 nm in diameter
were used to demonstrate 3D reconstruction of ordered multi-element systems. Three types of nanoparticles
were geometrically optimized by DFT calculations to account for realistic nanoparticle structures that include
slight structural deviations from the bulk counterparts (Fig. 3a). We generated 50,000 TEM images by multislice
simulation®® (5000 projection directions x 10 different liquid coordinates/projection direction) and averaged 10
images with the same projection directions to reduce liquid noise effects, providing 5000 images for 3D recon-
struction (Fig. 3b).

The ground truth structures of the nanoparticles were rotated in a 50 x 50 x 100 A supercell, resulting in 5000
coordinates with different projection directions. To simulate GLC environments, coordinates for single-layer
graphene were added to the top and bottom of the supercell. A few hundred sets of coordinates for toluene
molecules were generated by molecular dynamics simulation of a supercell with an equivalent size containing
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Figure 3. 3D reconstruction process for ordered multi-element nanoparticles. (top row: rocksalt PbSe, middle
row: zinc blende CdSe, bottom row: wurtzite CdSe) (a) Ground truth atomic structures. Yellow, green, and blue
spheres correspond to Pb, Se, and Cd atoms, respectively. Ground truth structures are geometrically optimized
by DFT calculations. (b) Representative simulated TEM images. (c) 3D Coulomb density maps obtained by
single-step reconstruction. (d) Plots of distance from center of mass as a function of local maximal intensity. (e)
Atomic structures obtained from 3D Coulomb density maps with atom type classification. The reconstructed
atomic structures are compared with the ground truth structures along different zone axes. Root mean square
displacement (RMSD) between input and reconstructed structures are depicted. Scale bars, 1 nm.

toluene molecules. Ten sets of coordinates were randomly selected for each projection direction (details of the
molecular dynamics simulation are in "Methods" section). As-prepared toluene solvent molecules were placed
with the nanoparticle between the graphene layers. From the 50,000 generated coordinates of the nanoparticle
in GLC, 50,000 TEM images were produced by multislice TEM simulation (see Methods). Each set of 10 images
with the same projection directions of the nanoparticle was averaged into one image. Gaussian noise was added
to the images to account for instrumental noise sources in TEM imaging. The noise-added images have lower
SNR than the experimentally acquired TEM images (see Table S1). The resulting 5000 averaged images were
used as input for 3D reconstruction.

An initial 3D model with the same crystal structure and compositional arrangement as the target material
was used for 3D reconstruction. A low-pass filter cutoff threshold of (1 A)™! was used, including all noticeable
power spectrum peaks (Table S2). The SINGLE suite was used for 3D reconstruction (details of parameters are
in Methods)*¢. The obtained 3D Coulomb density maps from the single-step reconstruction are shown in Fig. 3c.
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Please note that the single-step method can be also used for reconstructing single-component nanoparticles
such as Pt nanoparticles, as shown in the 3D coulomb density map obtained from the single-step reconstruc-
tion of experimental GLC data of a Pt nanoparticle adopted form the previous publication (Fig. $6)'*. Intensity
distributions of local maxima show that three groups, one for Pb(Cd) atom (top group), another for Se atom
(middle group), and the other for noise (bottom group), are distinguished, as shown in Fig. 3d. The number of
points for each group is the same as that of the corresponding element in the input structure without missing
a single atom. Comparing the reconstructed atomic structures with the input atomic structures along various
directions shows that not only the number of atoms but their positions are accurately reconstructed (Fig. 3e).
Root mean square displacement (RMSD) values between the input structures and the reconstructed structures
are less than 24 pm, indicating precise reconstruction of atomic positions. Slices through the 3D atomic maps
confirm successful 3D reconstruction (Fig. S7). Additionally, we evaluated the 3D reconstruction results by
projection-reprojection comparison and coverage of assigned projection directions (see Fig. S8). The reprojected
images from the 3D Coulomb density maps agree well with the original projection images. The distribution of
the assigned projection direction shows a broad coverage in 3D space, as expected. We also confirmed that the
single-step method is more effective for the ordered multi-element systems compared to the two-step method
(Fig. S9). For successful reconstruction of ordered multi-element nanoparticles using the single-step method,
optimization of the low-pass filter cutoff frequency is necessary. Using a more aggressive low-pass boundary
reduces the computational cost, but the quality of 3D reconstruction decreases, or the reconstruction process may
fail (Fig. S10). A 3 nm-sized PbSe nanoparticle was also successfully reconstructed under the same conditions
as used for the 2.5 nm-sized nanoparticles (Fig. S11), indicating that the suggested 3D reconstruction method
can be extended to larger nanoparticles.

Four DFT-relaxed random fcc FePt nanoparticles with different size, composition and structural disorder
were used to demonstrate 3D reconstruction of disordered multi-element systems (Fig. 4a). We generated TEM
images of FePt nanoparticles in the same way as in the ordered nanoparticle cases, mentioned above (Fig. 4b). 3D
structures of four FePt nanopartlcles were reconstructed by two-step reconstruction. Cutoft low-pass thresholds
of (2 7 A) and (1.0 A) were consecutively used for the first and second steps (Fig. 4c). The threshold of (2.7
A)islower than the lowest frequency among the reciprocal peaks for fcc Pt (dpy; ;) =2.296 A) in the first step. In
the second step, a threshold of (1.0 A) " was applied to include the majority of peaks. The obtained 3D Coulomb
density maps from the two-step reconstruction are shown in Fig. 4c. Intensity distributions of local maxima show
that the points are distinctly divided into 3 groups, which are Pt (top), Fe (middle), and noise (bottom) groups,
as shown in Fig. 4d. Both type and position of the constituent atoms are precisely reconstructed (Fig. 4d,e, and
Fig. S12). The reconstructed atomic structures are in good agreement with the input structures, with RMSD
values less than 15 pm. Although the low-pass limit employed in the first step completely excludes the recipro-
cal peaks, the 3D Coulomb density maps from the first step were similar to the input structures, indicating that
there is enough low-frequency signal to guide projection direction assignment (Fig. 4c). To further validate the
3D reconstruction results, we confirmed that the reprojected images from the 3D volume maps matched the
original projection images. Assigned projection directions had wide coverages in 3D space (Fig. S13). Notably,
the single-step reconstruction fails to reconstruct the 3D structure of disordered FePt nanoparticles (Fig. S14).
Successful reconstruction of disordered multi-element nanoparticles requires careful optimization of the low-
pass cutoff frequency in the first step. The low-pass limit for the first step should include as much information
as possible while excluding strong reciprocal peaks. Either a low-pass filter including strong peaks ((2 A)™") or
a low-pass filter removing too much information ((4 A)™) leads to poor reconstruction results (Fig. S15). By
using two-step reconstruction with careful optimization of the low-pass limit, the 3D atomic structures of dis-
ordered multi-element nanoparticles can be reconstructed. We also confirmed that two-step reconstruction can
be extended to larger nanoparticles by reconstructing 3 nm-sized FePt nanoparticles (Fig. $16). The suggested
3D reconstruction strategy is robust with different solvent types. For example, toluene and water, when used
as a solvent, show differences in the position, thickness, and intensity of halo-ring (Fig. S17). However, with an
optimized moving averaging, it was demonstrated that PbSe and FePt are successfully reconstructed both in
toluene and water (Figs. 3, 4, and S17).

Discussion

In this report, we present a strategy to reconstruct the 3D atomic structures of multi-element nanoparticles
in liquid through Brownian one-particle reconstruction. Different reconstruction strategies are proposed for
ordered and disordered multi-element nanoparticles, which is supplemented by highly reliable database using
first-principles calculations. Single-step reconstruction is effective for 3D reconstruction of ordered multi-ele-
ment nanoparticles, as demonstrated with rocksalt PbSe, zinc blende CdSe, and wurtzite CdSe. 3D reconstruc-
tion of disordered multi-element nanoparticles can be conducted by two-step reconstruction, as seen in the
3D reconstruction of four disordered fcc FePt nanoparticles. There is no doubt that the 3D reconstruction of
synthesized multi-element nanoparticles, using images obtained from experimental liquid-phase TEM, will be
more challenging than described here and may need further improvement in the 3D reconstruction methodology.
Notably, our simulations do not account for the isotropic and anisotropic atomic displacements that are present in
experimental data, which cause a strong radial dependency of the atom intensity distribution in experimentally
obtained 3D reconstructions. In real-world 3D reconstructions, the atom intensity is strong in the ordered core
and decreases as we move closer to the surface, where the coordination is lower, solvent effects are prominent,
surface adsorbed species exist, and atom mobility is high. It is possible that radial normalization would be needed
to correctly identify the right atomic species, or better yet, the atomic displacement parameters could be derived
from the experimental density maps and a probabilistic framework that models the atomic displacements and
determines a probability rather than a deterministic assignment of the atomic species could be built. This is the
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Figure 4. 3D reconstruction process for disordered multi-element nanoparticles. (a) Input atomic structures.
Grey and orange spheres correspond to Pt and Fe atoms, respectively. Ground truth structures are geometrically
optimized by DFT calculations. (b) Representative simulated TEM images. (c) 3D Coulomb density maps
obtained by two-step reconstruction. (d) Plots of distance from center of mass as a function of local maximal
intensity. (e) Representative slices of 3D atomic maps of ground truth structures and reconstructed structures.
Root mean square displacement (RMSD) between input and reconstructed structures are depicted. Scale bar,
1 nm.
subject of our future research, and we foresee that there will be an ordered core of atoms for which the species
of the elements can be readily determined, but when atomic displacements dominate the intensity profile close
the surface, it will be very difficult to determine the atomic species, especially if the atomic number difference
between the different elements is small. Nonetheless, the considerations and procedures introduced in this report
can be a practical guidance toward structural investigation of individual multi-element nanoparticles in 3D space.
Methods
DFT calculation for alloy NPs.  Density functional theory (DFT) calculations were performed by Vienna
ab-initio simulation package (VASP)* with the projector-augmented wave (PAW)* pseudopotentials. The
exchange-correlation functional of Perdew-Burke Ernzerhof (PBE)* generalized gradient approximation
Scientific Reports | (2023) 13:1814 | https://doi.org/10.1038/s41598-023-28492-5 nature portfolio



www.nature.com/scientificreports/

(GGA)* was adopted. To obtain the structure change of multi-component trajectories, we optimized several
binary nanoparticles (~2.5 nm). Spin polarization was considered, and the basis plane waves were expanded
with cutoff energy of 400 eV. Only I'-point scheme was used for the nanoparticle calculations, and the vacuum
space was imposed to secure 10 A within the periodic images for each system. Structures were relaxed until the
energy and force convergences of 10-° eV and 0.05 eV-A~Y, respectively.

Details of TEM image simulation. Simulated 50,000 TEM images for DFT-relaxed rocksalt PbSe, zinc
blende CdSe, wurtzite Cdse, and disordered fcc FePt nanoparticles (with sizes of 2.5 nm for ordered systems
and 1.5-2.0 nm for disordered systems) were obtained by randomly rotating the given DFT-relaxed coordinate
for each nanoparticle 5000 times with 10 different solution coordinates for each rotation within a 50.00 A (200
pixels x 0.25 A/pixel) super cell (as mentioned in the body). The super cells were split into multiple 1.0-A-thick
slices along the z-axis, with 200 x 200 pixels sampling in the x and y axis. The following input parameters were
used for the simulations: acceleration voltage of 200 kV, mean, standard deviation and sampling size of defo-
cus distribution of 60, 40 and 10 A, C; aberration of — 0.01 mm, C; aberration of 3 mm, objective aperture of
30 mrad, minimum and maximum illumination angle of 0 and 1 mrad, thermal temperature of 273 K thermal,
and a number or thermal vibration configurations of 5.

MD simulation for solvent coordinates. Toluene molecules and graphene sheets were introduced to
reproduce a more realistic liquid condition. In supercell, coordinates for single-layer graphene coordinates are
located on the top and bottom of water layer with a thickness of 10 nm. The atomic coordinates of toluene
were obtained by a classical molecular dynamics simulation using the Large-scale Atomic/Molecular Massively
Parallel Simulator (LAMMPS) package. A CGenFF force field was used for the simulation. 6000 toluene mol-
ecules were randomly generated in the 50.00 A x50.00 Ax100.0 A supercell. The simulation was conducted
with the energy minimization of the system as an initial condition. NVT ensemble, including 1 fs time step and
Nosé-Hoover thermostat, was performed for 100 ps and toluene trajectories were recorded every 100 fs. TEM
images of the system including nanoparticle, toluene, and graphene were obtained through multi-slice simula-
tion. Simulated TEM image set reflects random rotation of nanoparticles and fluctuations of toluene molecules
in the GLC. Atomic displacements within the nanoparticles themselves were not modeled. TEM images, adding
Gaussian noise with a signal-to-noise ratio of 0.5, were used for 3D reconstruction.

Detailed parameters and procedures of 3D reconstructions. The 5000 averaged TEM images
for each nanoparticle were statistically normalized to have an average of 0 and unit pixel variance. The image
contrast was inverted, which is necessary for the reconstruction method, which assumes white atom contrast.
Gaussian noise was added to emulate TEM instrumentation noise, including shot noise due to the quantum
nature of electron scattering and detector noise. These pre-processed stacks of images were used as input for
reconstruction using the SINGLE collection of algorithms*. The following input parameters were used in SIN-
GLE. 3D structures of one PbSe nanoparticle and two CdSe nanoparticles were reconstructed using the single-
step approach. In the single-step method, spherically truncated initial 3D models with the same lattice structure
as the corresponding nanoparticles were used. In the first step of the single-step approach, the low-pass limit
was set to (1.0 A)™, and the number of projection directions (parameter nspace) was 5000. In the following
refinement step, the values were set to (1.0 A)~'and 10,000, respectively. 3D structures of four FePt nanoparticles
were reconstructed using the two-step approach. The PRIME algorithm®® was used in conjunction with a 2.7
Angstrom low-pass limit and 3000 projection direction candidates to generate an initial 3D model. In the first
step of the two-step approach (PRIME), the low-pass limit was set to (2.7 A)~!, and the number of projection
directions (parameter nspace) was 3000. In the following refinement step, the values were set to (1.0 A)'and
10,000, respectively.

Data availability
The datasets used and/or analysed during the current study available from the corresponding author on reason-
able request.
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