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Abstract: Precise 3D atomic structure determination of individual nanocrystals is a prerequisite
for understanding and predicting their physical properties. Nanocrystals from the same synthesis
batch display what are often presumed to be small but possibly important differences in size, lattice
distortions, and defects which can only be understood by structural characterization with high
spatial 3D resolution. We solve the structures of individual colloidal Pt nanocrystals by developing
atomic-resolution 3D liquid-cell electron microscopy to reveal critical intrinsic heterogeneity of
ligand-protected Pt nanocrystals in solution, including structural degeneracies, lattice parameter
deviations, internal defects, and strain. These differences in structure lead to significant
contributions to free energies, consequential enough that they must be considered in any discussion
of fundamental nanocrystal properties or applications.

One Sentence Summary: 3D liquid cell TEM reveals critical differences in the atomic
structures of individual colloidal Pt nanocrystals.
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Main Text:

The three dimensional (3D) atomic arrangement of materials determines their physical and
catalytic properties (/, 2). The 3D structures of nanocrystals typically deviate from the periodic
atomic arrangement of their bulk counterparts due to the dominance of surface dangling bonds,
defects, dislocations, as well as intrinsic quantum effects due to finite size (3-5). Such deviations
are more pronounced in small nanocrystals of less than 4 nm in diameter. For example, interatomic
distances near the surface of Au nanocrystals are shortened compared to the perfect face-centered
cubic (fce) structure of bulk Au (6), whereas cerium oxide nanocrystals show extended interatomic
distances near the surface (7). Au nanoparticles below a critical size can have an icosahedral
structure that is thermodynamically unfavored in the bulk counterpart (8). These unique physical
properties make nanocrystals attractive as heterogeneous catalysts (9). Populations of synthesized
nanocrystals tend to have heterogeneous atomic structures, since uniform control at the level of
individual nanocrystals is extremely difficult to accomplish (/0, 17). The organic ligands and
solvents used in a typical colloidal synthesis coordinate surface atoms and further affect the crystal
and electronic structures of nanocrystals (/2-/6). Thus, understanding their unique properties
requires precise and reproducible determination of the positions of the individual atoms at the level
of a single nanocrystal directly from the solution phase, in which most of catalytic and chemical
reactions occur.

The 3D atomic structures of nanocrystals can be determined by electron tomography
whereby the structures are reconstructed from a tilt series of transmission electron microscopy
(TEM) images (/7-20). However, this method relies on image acquisition under vacuum and on a
substrate, which can cause structural deformation of the nanocrystals. Furthermore, the spatial
resolution is frequently non-uniform in 3D space due to missing projection directions (27). Single-
particle reconstruction based on cryo-TEM, as an alternative approach, is also not appropriate for
studying heterogeneous nanocrystal populations, since the analysis relies on 2D images collected
from a large number of different particles assumed to have the same structure (22). We previously
introduced 3D SINGLE (Structure Identification of Nanoparticles by Graphene Liquid cell
Electron microscopy) as a direct method to resolve 3D structures of nanocrystals in solution, but
the resolution obtained was only sufficient to determine overall morphologies in 3D (23), and the
understanding of how to analyze such information in order to extract key structure factors was still
limited.

We develop a “Brownian one-particle reconstruction” method—atomic-resolution 3D
SINGLE—and apply it to analyze the 3D atomic arrangements of individual Pt nanocrystals in
solution. Our high-resolution 3D density maps of eight individual Pt nanocrystals from the same
synthesis batch and fitted atomic models show fcc structures with structural heterogeneity,
including single crystalline, distorted structures, and a dislocation. The precise assignment (+/- 19
pm) of the 3D atomic positions allowed direct investigation of lattice expansion, internal defects,
strain near the surfaces and dislocation planes, and their contribution to the free energy. The
resulting information shows that structural information obtained in a realistic solution based on
the SINGLE method can provide a vital new guide for future improved synthesis and for
understanding the properties of the current materials.

3D reconstruction from electron microscopy images of Pt nanocrystals in liquid
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Atomic-resolution 3D SINGLE of nanocrystals in solution was achieved through aberration
corrected TEM imaging, using a direct electron detector with high temporal (2.5 msec) resolution
(fig. S1). The high temporal resolution allowed us to capture projection images of the nanocrystals
in different views as they were tumbling in solution. The individual particles were tracked
throughout the time-series and the extracted trajectory of 2D images were reconstructed to obtain
Coulomb charge 3D density maps of the individual particles (see supplementary materials and
movie S1). Obtaining thousands of high-resolution images within a few seconds allowed complete
coverage of the projection angles, which is required for accurate 3D reconstruction. The 3D
orientations of the projections of the randomly rotating nanocrystals were determined using an
iterative Fourier 3D reconstruction algorithm based on stochastic hill climbing (24). In order to
overcome uncertainties originating from the random movement and innate noise in the TEM
images, we developed algorithms for motion correction and subtraction of the background
introduced by the liquid cell (see supplementary materials). These are key steps in the advanced
3D reconstruction algorithm to obtain high-resolution 3D density maps.

Representative Pt nanocrystal density maps are depicted in Fig. 1A and movie S2. The
reconstructed 3D density maps of the nanocrystals have resolutions better than 0.72 A according
to the 0.143 Fourier shell correlation (FSC) criterion (fig. S2) (25), allowing assignment of the
positions of all constituent atoms in 3D space within the domain of each nanocrystal (Fig. 1B and
figs. S3 to S5). The assigned atomic coordinates can further be used to calculate the formation
energy of individual nanocrystals (table S1). We obtained strain maps from the atomic position
information, which indicate the lattice distortion (Fig. 1C and fig. S6). Sliced 3D maps provide
detailed structural information and strain tensors (an example for one Pt nanocrystal is shown in
Fig. 1D).

The reconstruction method and the resulting 3D maps were validated in several ways (see
supplementary materials). First, the algorithm was verified by reconstructing multi-slice simulated
TEM images of model fcc nanocrystals with 2.5 nm and 4.0 nm diameter with varying parameters
including different pixel resolutions and binning process to mimic the imaging mechanism in TEM
(figs. S7 to S9) (26). To confirm the robustness of the reconstruction method with significant
random noise that originates from TEM imaging of liquid, multi-slice simulated TEM images
including model nanocrystals and water molecules that continuously change orientation and
geometry are generated by using molecular dynamics (MD) simulation and used for successful
verification of 3D reconstruction (supplementary materials and figs. S10 and S11). Second, to
validate the experimental 3D structures, we confirmed that re-projected images of the obtained 3D
electron density maps were in good agreement with the original projections (fig. S12 and S13).
Third, we repeated the reconstruction process by using simulated images obtained by multi-slice
simulation of the atomic position map and measured the similarity between the 3D atomic
structures from the original TEM images and the simulated images (fig. S14). The average root
mean square difference is 9.9 pm to 19 pm (fig. S14). In addition, the projection directions of the
rotating nanocrystals show wide coverage (fig. S15), indicating that the 3D maps include ample
crystallographic information obtained from numerous zone axes. Experiments on simulated data
show that vertical movement of the nanocrystals has a negligible effect on the final atomic structure
(fig. S16).

Effects of surface ligands on the 3D atomic structures of Pt nanocrystals
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The Pt nanocrystals were prepared by a typical optimized synthesis to make the final population
homogeneous in terms of size and shape distribution, but it is widely known that the individual
crystal structures do not have identical atomic arrangements due to the complexity of their growth
trajectories (27). Our reconstructed 3D density maps (Fig. 1A and fig. S3A) and corresponding
atomic coordinate maps (Fig. 1B and fig. S3B) show this expected structural heterogeneity. Many
of the nanocrystals from the same synthesis batch are single crystalline with fcc atomic
arrangements, with the exception of heterogeneity due to slight variation in diameter of 2.25, 2.41,
2.42,2.52, 2.66, and 2.92 nm for Particle 1 to 6, respectively, as shown in Fig. 1. Some of the
nanocrystals incorporate more diversity in their structures. Shear distortions (Particle 7 in Fig. 1)
and dislocations (Particle 8 in Fig. 1) are frequently observed in the reconstructed 3D density and
atomic position maps.

Our 3D density and atomic position maps match the expected fcc atomic structure.
Projections along the [100] zone axis of the 2.52 nm-sized nanocrystal (Particle 4) show that the
atoms are positioned with 4-fold symmetry at a lattice spacing of 2.0 A, which corresponds to the
Pt (200) plane distance (Fig. 2A). A 45-degree rotation around [001] (Fig. 2A) reveals a typical
lattice projection along the [110] axis with lattice spacing of two 2.2 A (111) and one 2.0 A (200)
(Fig. 2B). In addition, in a view along the [111] zone axis, the 3D structure exhibits the hexagonal
close packing arrays of atoms (Fig. 2C). The fcc structure can also be identified by an ABC packing
sequence along the [111] direction, where every third layer is in the same position (Fig. 2D). Due
to this close packing structure, the nanocrystals have a coordination number of 12 with the
exception of surface atoms (fig. S17).

As nanocrystals become smaller, the fraction of surface atoms becomes significant. Having
dangling bonds with surface organic ligands, differently from the perfect symmetric coordination
in a bulk crystal, surface atoms contribute asymmetric atomic orbital overlaps with inner atoms
(28). In addition, the electronic structure of small nanocrystals can be remarkably affected by
atomic defects (29). To understand microscopic structural details of nanocrystals and the extent
that the bulk crystal motif is maintained at the nanoscale, we measured all interatomic distances
along the <111>, <100>, and <110> directions (see the supplementary materials) and plotted them
according to the distance from the center (Fig. 2E). While the interatomic distances are almost
constant near the core, they deviate gradually toward the surface, indicating noticeable deviation
of surface atoms from their periodic positions.

By fitting the atomic coordinates, we found an overall expansion of the fcc lattice
structure. For example, the lattice parameters of Particle 4 are a=3.990 A, b=3.985 A, c=3.990 A,
0=89.96°, f=89.70°, and y=89.75°. Interestingly, such lattice expansion is consistently observed
in other nanoparticles (30, 37). The averaged fcc unit cell lattice constants of the 2.25, 2.41, 2.42,
2.52,2.66 and 2.92 nm-sized nanocrystals are 3.96, 4.02, 4.00, 3.99, 3.96, and 3.97 A, respectively,
which are 1.02, 2.56, 2.02, 1.74, 0.95 and 1.22% larger than the bulk values, respectively (Fig.
3A). The lattice expansion can be effectively described by the radial strain (err), which is defined

ouy,
?’
radial displacement (fig. S18). Consistent with our observed deviations of lattice parameters, the
arithmetic mean (averaged over all atom positions) radial strain is positive for Particle 1 through
6 (Fig. 3B). We re-visited previous X-ray diffraction (XRD) studies of ligand-protected
nanocrystals and found that such lattice expansion, which was unrecognized because the peak shift
was very small, is observed consistently in PVP-protected metal nanocrystals (30, 37). We also
checked our PVP-protected Pt nanocrystals using synchrotron XRD experiments. XRD patterns

as €, = where r is the distance between an atom and the center of mass of a particle and u; is
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exhibit a slightly enlarged lattice parameter (3.976 A) compared to that of bulk Pt (Fig. 3C). These
observations imply that crystal structures of Pt nanocrystals tend to expand slightly when protected
by polyvinylpyrrolidone (PVP) surface ligands in the native solution phase. These results are in
contrast to lattice compressions theoretically observed for metal nanocrystals without protecting
ligands, which is explained by the effect of surface tension and strong bonding of surface atoms
with low coordination numbers (6). Our results indicate that such effects can be weakened and
even reversed when surface ligands are adsorbed on the metal nanocrystals in the solution phase.
We performed density functional theory (DFT) calculations, and showed that the adsorption of
PVP ligands can induce localization of electron density around surface Pt atoms. As a result, the
inward metallic bonds are weakened while increasing the atomic distance (Fig. 3, E and F). Since
the PVP ligands are long polymers decorated with multiple binding functional groups, the
coverage of polymeric binding may not be uniform across the surface. This is likely to induce local
deviation of the atomic lattice and the resulting surface strain. Particular surface regions of a Pt
nanocrystal, where binding of pyrrolidone groups are more dominant, are presumably expanded.
Our radial strain measurements show such a localization on specific surface regions of the particle
(see Fig. 3G).

The observed lattice fluctuations and the expansion of the fcc crystal structure are difficult
to measure in conventional high-resolution TEM images of nanocrystals, since the interatomic
distances are averaged over each atomic column along the projection direction. Further, motion in
the liquid makes it difficult to capture the correct zone axis with the high precision required. Our
atomic-resolution 3D SINGLE method overcomes these limitations and allows measurement of
the interatomic distances between all constituent atoms in 3D space, enabling detailed structural
characterization. We confirmed that the lattice fluctuations are not due to inaccuracy of the
reconstruction method. Accurate interatomic distances were measured in the 3D atomic position
map generated from reconstructing simulated noisy TEM images of a model nanocrystal with a
perfect fcc structure. They consistently follow bulk fcc parameters with a very marginal deviation
throughout the volume of the nanocrystal (fig. S7C). Thus, the observed deviation of the lattice
parameter is inherent to these small ligand-protected Pt nanocrystals.

Using the experimentally determined atomic positions, the formation energy of each
nanocrystal can be directly evaluated using DFT calculation without relaxation processes. Overall,
the higher strained particles require a higher formation energy as shown in Fig. 3D. (see
supplementary materials) Highly-strained nanocrystals, such as distorted particles, show high
formation energies attributed to the strain field (Fig. 3D). It is possible that the energetically
metastable structures, including the dislocations, are kinetically trapped during complicated
synthetic reactions that incorporate particle coalescence (23). The DFT calculation considered bare
surfaces for reliable comparison between nanocrystals without uncertainty originating from the
complexity of ligand passivation (table S1). Considering the stabilization effect of surface binding
groups, the formation energy of nanocrystals with PVP ligands can be substantially reduced (fig.
S19, table S2).

Structural heterogeneity of Pt nanocrystals

Our 3D density and atomic position maps reveal that Pt nanocrystals have more complicated
crystal structures than the single crystalline fcc structure. The atomic arrangement of the distorted
nanocrystal (Particle 7) is slightly bent around a (110) plane (Fig. 4, A to C). Overlaying different
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atomic planes from each domain as red and blue reveal that the lattice points of the two domains
are slightly mismatched (Fig. 4C). In addition, several vacancies are observed near the boundary
(Fig. 4B).

Particle 8 has a (111) partial edge dislocation, as viewed along a [121] zone axis in Fig.
4D. This is a Shockley partial dislocation with the Burger’s vector of a/2<111> and a gliding plane
of (101). The atoms near the dislocation are highly disordered (Fig. 4E) while other atoms conform
to an fcc lattice. A magnified image of a (111) plane (Fig. 4F), which is perpendicular to the gliding
plane, shows a hexagonal array within each domain and breakage of periodicity near the boundary
between the two domains. The origin of the disordered structure of the nanocrystal can be
explained by coalescence events during the formation of the nanocrystals (23, 32). Recent liquid
phase TEM studies have revealed that Pt nanocrystals frequently coalesce along low index surfaces
and become multi-domain structures when they grow by an aggregative pathway (23, 27, 33, 34).

Strain analysis of individual Pt nanocrystals from the 3D atomic maps

Strain imposed on the constituent atoms determines catalytic activities of metal nanocrystals
because the strain modifies the local binding energy with adsorbates by changing the band width
of d orbitals (35). Engineering tensile strain is indeed successfully applied in tuning reactivity of
Pt nanocrystals in many important catalytic reactions including the methanol oxidation reaction
(36) and the oxygen reduction reaction (37). Strain analysis at high resolution will be an important
asset in understanding catalytic performance of heterogeneous catalysts and tuning their
performance. Using the fcc structure with a bestfit lattice parameter as a reference, we obtained
3D strain maps by calculating the atomic displacement field, convolving it with 2 A-wide 3D
Gaussian kernel, and differentiating it (Fig. 5, figs. S20 and S21) (/7). We also used geometric
phase analysis (GPA) (38) for comparison. Both methods showed similar results (fig. S22). The
full 6-element strain tensor of Particle 4 is mapped for each atomic position in 3D space (Fig. SA).
The strain maps clearly show that the surface of the nanocrystals has larger strain compared to the
core atoms (Figs. 1D and 5B). The strain distributions of the surface atoms, defined as » > R — di11,
where 7 is the distance of an atom from the center of mass, R is the radius of the nanocrystal, and
din 1s the bulk Pt(111) plane distance, are 1.89, 2.27, 1.92, 1.54, 1.49, and 1.52%, while those of
core atoms are 1.14, 1.28, 1.15, 1.07, 0.66, and 0.93% for exx, eyy, €2z, exy, &yz, and ezx, respectively
(Fig. 5B and fig. S23). The broader strain distribution of the surface atoms is due to the disorder
of the surface atoms, presumed to be accommodated by surface ligand protection. Tensile strain
occurs throughout the nanocrystal for both surface and core atoms. The average strains of exx, &yy,
and &z, (parallel to the <100> directions) for Particle 4 are 1.54, 1.49, and 1.58%, respectively,
consistent with the expanded lattice parameters obtained by fitting of the atomic coordinates.

The distorted Pt nanocrystal (Particle 7) also shows tensile strain throughout the
nanocrystal and large strain distribution on the surface. Due to its structural deformation, the strain
distribution of the distorted particle is 2.23 %, which is 1.7 times broader than that of the single
crystal (Particle 4; 1.31%). In addition, the bent structure leads to high shear strain of atoms at the
domain boundary (Fig. 5C), resulting in a bimodal shear strain distribution with two distribution
centers (Fig. 5D). The nanocrystal with the dislocation also shows large strains at the domain
boundary (Particle 8 in Fig. 1C), which is known to enhance catalytic activities (39).
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Conclusion

We show that high-resolution 3D atomic arrangements of Pt nanocrystals synthesized from a single
batch have critical structural differences. This was made possible by the development of atomic-
resolution 3D SINGLE for solving the structure of nanocrystals in solution phase. Our results can
be understood by the nature of typical colloidal synthesis of nanocrystals which
thermodynamically deviates from expectations based on bulk crystallography. Structure and strain
analysis enabled by assignment of precise atomic positions reveals lattice expansions of ligand-
protected metal nanocrystals in solution and the existence of large strain near domain boundaries,
dislocation edges, and surfaces. The detailed structural information we introduce is strongly linked
to the origin of the catalytic performance of Pt nanocrystals. We also demonstrate that the precise
atomic structures obtained by our approach can be utilized in computational chemistry to improve
the accuracy of property predictions of nanocrystals. Atomic-resolution 3D SINGLE can apply to
nanocrystals with various composition (fig. S24) and atomic structural integrity. It will find
applications in other systems, including colloidal nanomaterials and biological macromolecules,
where structural information in solution is required.
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Fig. 1. Atomic-resolution 3D SINGLE for Pt nanocrystals in solution phase. (A) Isosurfaces
of high-resolution 3D density maps, (B) atomic position maps, and (C) strain (exx) maps of 8
individual nanocrystals. (D) Sliced images of the strain (exx) map of Particle 4. Strain is indicated
by color gradient from red (5%), white (0%) to blue (-5%) colors. Scale bar, 1 nm.
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Fig. 2. Atomic structure analysis of single crystalline Pt nanocrystals reveals progressive
disorder close to the surface. (A to C) 3D density maps and atomic positions of Particle 4. (D)
Packing structure of the nanocrystal. (E) Interatomic distances in the direction of <110> (red),
<100> (black), and <111> (blue) for nanocrystals with six different sizes. Scale bar, 1 nm.
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Fig. 3. Size dependent properties of Pt nanocrystals inferred from their 3D atomic maps.
(A) Fitted lattice parameters and (B) averaged radial strain values of single crystalline
nanocrystals with six different sizes. (C) XRD patterns of 2 nm-sized PVP-protected Pt
nanocrystals and 24 nm-sized Pt nanocrystals as a reference. (D) Formation energy of the
reconstructed Pt nanocrystals calculated using their atomic coordinates in a vacuum
environment. (E) Binding mode of a PVP ligand onto Pt surfaces with five different planes and
(F) its charge density distributions. Blue color indicates the electron deficient region. (G) Radial
strain maps of the six single crystalline particles. Strain is indicated by color gradient from red
(5%), white (0%) to blue (-5%) colors. Scale bar, 1 nm.
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Fig. 4. 3D structure analysis of nanocrystals that have complicated structures. (A to C) 3D
structure analysis of a distorted nanocrystal (Particle 7). (A) Overall atomic position map shown
along [001]. Red and blue spheres represent atoms of each domain. (B) Sliced planes of (110)
(left) and (110) (right). (C) Superimposed atomic positions of two layers of each domain (D to
F) 3D structure analysis of a nanocrystal with a dislocation (Particle 8). (D) Overall atomic
position map shown along [121]. (E) Sliced planes of (101) (left) and (111) (right) planes. (F)
Superimposed atomic positions of two layers of each domain. Scale bars, 1 nm.
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Fig. 5. 3D strain tensor analysis of Pt nanocrystals. (A) Sliced maps of the six components of
the strain tensors for single crystalline particle (Particle 4). (B) Histograms of the strain tensors
of (top) all atoms, (middle) core atoms, and (bottom) surface atoms of Particle 4. (C) Sliced
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Materials and Methods
Svynthesis of Pt nanocrystals

Pt nanocrystals of 2 to 3 nm in size were synthesized based on previously reported methods (40).
0.05 mmol of (NH4)2Pt(11)Cls (99.995%, Aldrich), 0.75 mmol of tetramethylammonium bromide
(98%, Aldrich), 1 mmol of polyvinylpyrrolidone (PVP, M.W. 29,000, Aldrich), and 10 mL of
ethylene glycol were mixed in a three-neck round bottom flask. Then, the mixture was heated to
160 °C and kept for 20 min. After cooling the solution to room temperature, 90 mL of acetone was
added to precipitate the particles from the dispersion. The products were then centrifuged at 4,000
rpm for 5 min. The supernatant was discarded and the Pt nanocrystals were collected. The
nanocrystals were then redispersed in 5 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
(HEPES) based buffer solution with pH 7.4.

Preparation of graphene liguid cells

Graphene for liquid cell was synthesized on 25 pum thick copper foil (99.8 %, Alfa Aesar) by
chemical vapor deposition (CVD) method. The copper foil in a quartz tube was heated to 1,000 °C
for 30 min in hydrogen environment. Graphene was grown onto the copper foil with flows of 25
cm?®min of methane and 10 cm®min of hydrogen at 1,000 °C. After 20 min, the product was
rapidly cooled to room temperature with methane flow.

Graphene TEM (transmission electron microscopy) grids were prepared by transferring the
graphene to holey carbon TEM grid using direct transfer method. The graphene covered copper
foil was treated in weak oxygen plasma to etch graphene on one side of the foil. A Quantifoil TEM
grid (Ted Pella) was placed onto the other side of copper foil, on which graphene was not etched.
Then, the copper foil substrate was etched with 0.1 g/mL of ammonium persulfate aqueous
solution. The graphene TEM grid was washed with deionized water several times.

A graphene liquid cell was fabricated with two graphene TEM grids. 0.5 pL of Pt nanocrystal
solution was loaded onto a graphene TEM grid. The other graphene TEM grid was gently laid on
the graphene TEM grid with the liquid sample, so that the liquid samples can be sandwiched by
graphene sheets. The sealing of liquid sample can be achieved by strong interaction between two
graphene surfaces.

Acquisition of TEM images

TEM movies of Pt nanocrystals in the graphene liquid cell were obtained with 400 frames/s using
TEAM 1, an FEI Titan 80/300 TEM equipped with a post-specimen geometric- and chromatic-
aberration corrector and Gatan K2 IS direct electron detector. Thousands of images with 1,920 x
1,728 pixels and 0.358 A pixel resolution were acquired at a dose rate of ~15 e/Aframe at an
acceleration voltage of 300 kV. The pixel size was confirmed based on the known lattice spacing
of the graphene sheets containing the nanocrystals. TEM images of rotating nanocrystals were
used in the 3D reconstruction process. Successful 3D reconstruction of nanoparticles that differ in
size, composition, and solvating molecules requires extensive optimization of imaging conditions,
image processing, and reconstruction parameters. TEM imaging conditions must be optimized to
obtain good signal-to-noise ratio of the 2D projected lattice for a given rotational rate, local
thickness of the liquid, and image capture rate.



3D reconstruction

Weighted averaging over five consecutive frames was used to improve the signal-to-noise ratio.
Each frame was given a scalar weight based on the correlation to the average. The weighted
averaging was repeated by moving one frame step throughout the entire image series, maintaining
the original 400 frame/s (figs. SIA and B and movie S1). The number of images used for averaging
can be finely controlled for different nanoparticles to ensure that independent lattice information
is seen in each averaged TEM image since the local environment of the nanoparticle, such as the
thickness of liquid, ligand passivation, and resulting rotational rate, can vary. We estimated the
contrast transfer function (CTF) parameters using the CTFFIND4 program. TEM image settings
were obtained by tracking nanocrystals based on tracing their center of mass, followed by cropping
the particle images to appropriate box sizes. Images were acquired in “black-atom” contrast with
slight negative focus and negative spherical aberration coefficient. Thus, contrast inversion of the
phase contrast TEM images of nanocrystals was conducted to equate intensity in each pixel to
atomic density during the reconstruction process as necessitated by the reconstruction method (fig.
S1C). Next, we carried out background subtraction by using neighbor image patches that contain
background signal originated from the graphene windows and liquid of the graphene liquid cell. Eight
adjacent boxes with a size of ~4 nm around the box containing the nanocrystal were cropped from
the entire image stack and integrated independently to generate eight neighboring image stacks.
Each stack was then averaged to create eight background images containing signal from the
graphene lattice and the liquid. Next, eight image stacks of the nanocrystal were created by
subtracting the eight background images from the raw box image stack containing the nanocrystal.
We selected the background subtracted stack including minimal graphene peaks for further
processing. 3D density maps of Pt nanocrystals were reconstructed using the PRIME algorithm
(24). Pt face centered cubic (fcc) structure with cuboctahedron shape was used as an initial model.
The first 3D structure was obtained with relatively low angular sampling (1,000 projection
directions) and then refined using 3,000 directions. After refinement, Coulomb charge 3D density
maps were obtained and used for further analysis, such as atomic position assignment and strain
mapping. The reconstruction process is robust for datasets that include enough lattice information
and orientation coverage.

Supplementary Text
Atomic position assignment

The 3D positions of the individual atoms were assigned by identifying local maxima in density
maps and discarding ones originated from background noise for each 3D atomic-resolution map
(figs. S3 and S4). At first, local maxima in density maps were identified. Then, the selected local
maxima were sorted according to intensity value and atomic positions were selected from the upper
boundary in the intensity distribution profile. The cutoff was determined by the nanocrystal radius.
The Bohr radius of Pt (1.77 A) was applied as a minimum peak distance to adjacent local maxima
to remove shoulder peaks. A local maximum that shows lower intensity in a pair with a distance
below the Bohr radius was discarded. Local maxima that are presumably originated from the
arbitrary background signal from the liquid around the particle were removed by applying
threshold limit in terms of coordination number. We selected atomic positions with the
coordination number greater than four.



Measuring interatomic distances for each direction

Interatomic distance for specific direction was assigned as distance between one atom and its
neighbor atom located with the shortest distance from the ideal point along the direction. The
assigned interatomic distances in the direction families (<110>, <100>, and <111>) are
geometrically averaged from those along constituent directions (e.g. [100], [100], [010], [010],
[001], and [001] for <100>).

Strain mapping using lattice fitting

Strain was calculated through differentiation of displacement field (38). In this method,
displacement field at each atom was acquired by subtracting ideal atomic position from real atomic
position and interpolated using kernel density estimation (17).

For crystal structure analysis, three normal vectors, n,, n,, and n,, and relative positions
of atoms, a;, b;, and c¢; (a;, b;, c; € Z), were determined with lattice fitting. Ideal atomic
position, rigear ;» from real atomic position, 7,41 ;, Were described as follows,

Treali = ANy + biny tcn, + e 1)
Tideal,i = QiNox t binOy + CiNg;, 2

where e; is residual of the fitting, and n,, ng,, and n,, are normal vectors with size as a half Pt
unit cell, 1.96 A. Twice of n,, n,, and n, were assigned to be three components of the lattice

parameter. Representative lattice parameters, shown in Fig. 3A, were defined as geometric mean
of the three components.

Displacement field of each atom, uj, can be calculated by using following equation.

U; = Treali — Tideal,i (3)

After calculating displacement of each atom, 3D Gaussian distribution was weighted to generate
continuous function, u(r).

D;?
Yiu; exp(—55)
u(r) = —ng‘z 4)

Tiexp(—; 5
Where r is position vector, Di = |r — Treali | and o is the standard deviation of 3D Gaussian kernel.
A standard deviation of 2 A was chosen based on leave-one-out cross-validation (LOOCV) (fig.

S21) (41). Six 3D strain components were finally calculated from three components of
displacement field vector, which are uy, uy and u, by using Equation 5 and 6.

_ Ouy __ Ouy _ Ouy
€Exx = ox’ €yy = ay’ €zz = oz (5)
_ 1 ,0uy , Ouy _ 1 ,0uy | Ouy __ 1 0u; | Ouy
Exy_z 6y+6x)’€yz_2 az+6y)’ezx_2(6x+az) (6)

E€xx Eyy, ANd €,, represents elongation of lattice, along with x, y, and z direction, respectively. €,
€yz, and €, represents lattice deformation involving change of angles, y, «, and 3, respectively.



Radial strain was also calculated by using similar approach. Radial displacement field, ur,
and radial strain component, €,.,., were described as follows,
Uiy = Irreal,i - rcl - Irideal,i - rcl (7)
ou,

Err = or (8)

where r¢ is the position of the center of mass, and ui is radial displacement field of i th atom.

Strain mapping using geometric phase analysis (GPA)

Strain at each atom was measured using 3D extended GPA (38). First, intensity profile, I(r), was
generated from atomic position map with ‘pdb2mrc’ program in EMAN. Phase images, P, (r),
were then calculated from intensity profile and reciprocal vector from Pt fcc lattice, g, using
following a series of equations,

Hy (k) = 10k + )M (k) ©)
Hy(r) = Hy(r)exp{2mig - } (10)
P,(r) = Phase[H,(r)] — 2mg - r (12)

where I(k) is the Fourier transform of I(r), H, () is Fourier coefficient as function of r, and

Hy (k) is Fourier transform of Fourier coefficient. Three phase images, Py;(r), Pg,(r), and
Py3(r), were obtained from three nonlinear different reciprocal vectors, g,, g, and gs.

Relationship between three-dimensional displacement fields and phase images was described by
the equations below.

Pgl(r) = =21mg; - u(r) = —2m{g1xux (1) + glyuy(r) + 912Uz (1)} (12)
sz(T') = —21mg, - u(r) = —2m{gouy (1) + gZyuy(r) + g2,u, (M} (13)
Pg3(r) = —2mgs - u(r) = —2m{gsxuy(r) + gByuy(r) + g3 u, (1)} (14)

where g;x, giy, and g;, are ky, k,,, and k, components of the reciprocal vector g;, respectively,
and u, (), u,, (1), and u,(r) are the x, y, and z components of the 3D displacement field, u(r),
respectively. 3D displacement field can be calculated by combining Equation 12, 13, and 14 to
matrix form and taking the inverse of the matrix with reciprocal vectors.

Uy J1x91y9121" ! Pg1
[uy] = — i IQZxQZyQZZ] sz (15)
u, 93x93yY3z Pys

Six 3D strain components as a function of position were finally calculated by using
Equation 5 and 6.

Multi-slice TEM simulation




Simulated TEM images used in validation processes (figs. S7 to S11) were obtained by using
multi-slice simulation (26). Simulated TEM images of an ideal Pt lattice with sizes of 2.5 nm and
4.0 nm (figs. S7 and S8) were extracted by randomly rotating ideal Pt atomic coordinates 5,000
times and placing rotated coordinates within a 57.28 A (160 pixels x 0.358 A /pixel) cubic super
cell. The super cells were splitted into multiple 1.5-A -thick slices along the z-axis, with 160 x 160
pixels sampling in the x and y axis. The following input parameters were used for the simulations:
acceleration voltage of 300 kV, mean, standard deviation and sampling size of defocus distribution
of 50, 40 and 10 A, Cs aberration of -0.01 mm, Cs aberration of 3 mm, objective aperature 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. Noise was added to give a final
signal-to-noise ratio of 0.2. The TEM images generated by the multi-slice simulation were used
for 3D reconstruction to validate the 3D SINGLE process (figs. S7 to S11). The simulation and
reconstruction process was also conducted using smaller pixel size of 0.0895 A (640 x 640 pixels)
to demonstrate imaging conditions with electron beam and sample (figs. S9, and S11). In this case,
the 640 x 640 pixels in the simulated images were binned to 160 x 160 pixels (fig. S9, A to H) or
320 x 320 pixels (fig. S9, | to L) by summing the intensity to demonstrate different pixel
resolutions in detector. The reconstructed 3D maps were compared with the original maps by
calculating root mean square deviation,

1
6= WZ J(axi — be)? + (i — by)? + (s — byo)?

where N;j is number of atoms of the particle, a,; is x coordinates of ith atoms in the original particle,
and b,,; is y coordinates of ith atoms in the reconstructed particle. It is worth noting that the
precision is not proportional to the orderness of nanocrystals.

To compare our 3D reconstruction result with the original TEM images, simulated TEM
images were calculated by rotating the eight atomic maps in the direction of projection assigned
by 3D reconstruction algorithm (figs. S12 and S13). Rotated atomic maps were placed within
coordinates within a 57.28 A (160 pixels x 0.358 A /pixel) cubic super cell and 2D images
simulated as described above. Simulated TEM images for re-reconstruction (fig. S14) were
calculated in the same way.

The validation of 3D SINGLE in more realistic condition was conducted by reconstruction
of multi-slice TEM images of model Pt nanocrystal in a graphene liquid cell. In the liquid cell,
single layered graphene sheets are located on the top and bottom of water layer with a thickness
of 10 nm. The atomic coordinates of water were obtained by molecular dynamic simulation using
the Large-scale Atomic/Molecular Massively Parallel Simulator (LAMMPS) package. A
CHARMM force field and TIP3P water model were employed for the simulation. 10968 water
molecules were randomly created inside the 57.28 A x 57.28 A x 100.0 A simulation box. After
implementation of energy minimization to stabilize the system, NVT ensemble with 1 fs time step
and Nosé-Hoover thermostat was performed for 100 ps, and water trajetories were recorded every
100 fs. TEM images of the atomic models including nanocrystal, water, and graphene were
obtained via multi-slice simulation with the same parameters. Each multi-slice simulated TEM
image includes different random orientation of a nanocrystal and set of geometries of water
molecules. Simulated TEM imges reflect continuous rotation of the nanocrystal and fluctuations
of water molecules during TEM imaging. After adding Gaussian noise with a signal-to-noise ratio
of 0.5, the TEM images were used for reconstruction for validation (figs. S10 and S11).



X-ray diffraction (XRD) measurement

Samples for XRD measurements were prepared by mixing PVP-passivated 2 nm-sized Pt
nanocrystals with lanthanum hexaboride (LaBs, Aldrich) and 24 nm-sized Pt particles (Aldrich)
with LaBe in the ratio of 20:1 and 5:1, respectively. LaBs was added as an internal calibrant for
quantitative analysis of Bragg angles. X-ray diffraction experiments were performed with a
monochromatic radiation (A = 1.54595 A) at the 3D XRS beamline of Pohang Light Source II
(PLS-11), Korea. The scattering patterns were detected by the imaging plate with an irradiation
time of 3 s. The position and broadening of the Pt(111) XRD peaks were fitted by Gaussian curve
after subtracting the background.

The Pt(111) peak position in the XRD pattern of 2 nm-sized nanocrystals is 39.21° and the
full width at half maxima (FWHM) is 5.10° obtained by Gaussian fitting, indicating that the Pt
nanocrystals have a lattice parameter of 3.976 A and a grain size of 1.65 nm. The XRD pattern of
the reference Pt particles represents a lattice parameter of 3.921 A, which is close to that of bulk
Pt.

Computational Details

We utilized first principles density functional theory (DFT) calculations as implemented in Vienna
ab-initio simulation package (VASP) with the Perdew-Burke Ernzerhof (PBE) generalized
gradient approximation (GGA) exchange-correlation functional and the projector-augmented
wave (PAW) pseudopotentials. The basis plane waves were expanded with cutoff energy of 520
eV. We included the spin polarization correction and van der Waals (vdW) interaction with DFT-
D3 method by Grimme (42). Formation energy of observed nanoparticles were calculated with the
single point electronic relaxation. All atomic positions were fixed with the 3D-reconstruction data.
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. The formation energy (AE)
was calculated as equation below.

1
AE = - (Ei — EpeNi) (16)

where N; is the number of platinum atoms, E; is the total energy of nanocrystal, and Ep: is the bulk
binding energy. In order to calculate the surface energy, we used symmetric supercell slab models
with a vacuum space of 15 A . The Pt slabs with the Miller-index of (100), (110) and (111) were
composed of 7 atomic layers and relaxed with 3 inner-most atomic layers fixed and I'-centered
13x13x1, 13x7x1 and 7x7x1 k-point schemes, respectively. For the high Miller-index of Pt(211)
and Pt(310) were composed of 16 atomic layers with 4 inner-most atomic layers fixed, and 21
atomic layers with 5 inner-most atomic layers fixed, respectively. The Brillouin-zone integrations
for Pt(211) and Pt(310) slabs were performed using I'-centered 7x9x1 and 13x5x1 k-point
schemes, respectively. The surface energy (¥ ciqen) Was calculated as equation 17.
Yclaen = i (E' — NiEpyix) (17)

where A is the surface unit area of the slab model, E? is the total energy of the Pt slab with the
Miller-index of i, N; is the corresponding number of Pt atoms in the slab and Ej,,; is the total
energy of Pt bulk. For calculating the adsorption energy (E,4) of a PVP molecule on Pt surfaces

we identified 20 A of vacuum space was an optimal value for the slab models on the aspects of
computational cost and accuracy of energy outcome. The supercell sizes of Pt(100), Pt(110),



Pt(111), Pt(211) and Pt(310) were 3x3x1 with 5 atomic layers and 2 bottom-most atomic layers
fixed, 3x3x1 with 7 atomic layers and 3 bottom-most atomic layers fixed, 4x4x1 with 5 atomic
layers and 2 bottom-most atomic layers fixed, 4x2x1 with 12 atomic layers and 3 bottom-most
atomic layers fixed, and 3x2x1 with 14 atomic layers and 4 bottom-most atomic layers fixed,
respectively. The I'-centered 3x3x1 k-point scheme was used for all slab models. PVVP ligand was
simulated with a monomer of 1-ethyl-2-pyrrolidone and the Brillouin-zone was integrated using
I'-point only. The absorption energy (E,4s) Was calculated with equations 18.
Eaas = 7 (Ebvp = Esian — NeveEpvp) (18)

where EL,p is the total energy of slab with adsorbed PVP and the Miller-index of i, Npyp is the
number of adsorbed PVP on the slab, E;,;, is the total energy of the clean slab, and Epyp is the

total energy of the PVP. Different adsorption sites for each facet were probed as shown in fig.
S19A and table S2.
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(A) Five consecutive TEM images before averaging of eight nanocrystals shown in Fig. 1. (B)
Weighted averaged TEM images of the five consecutive images. (C) Contrast-inverted TEM
images of the averaged images.
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Fig. S3.

(A) 3D density maps and (B) atomic position maps of eight Pt nanocrystals with the zone axis of
(top) [100], (middle) [110], and (bottom) [111]. Scale bar, 1 nm.
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Sliced images of the density map (white mesh) and the atomic coordinates (red points) of Particle
4. Scale bar, 1 nm.
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Fig. S5.
Representative sliced images of colored density map and allocated atomic positions (black points)
of Particle 4.
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Fig. S7.

(A) Simulated TEM images from a 2.5 nm-sized Pt nanocrystal having ideal fcc coordinate. (B)
3D volume map and atomic position map reconstructed from the simulated TEM images of the
ideal Pt nanocrystal. (C) Depth profile of interatomic distances in the direction of <110> (red),
<100> (black), and <111> (blue) acquired from the 3D atomic position map. (D) Peak intensity
distribution of the reconstructed volume map. The distribution shows distinct separation between
true atom peak and artifacts. Scale bar, 1 nm.
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Fig. S8.

(A) Simulated TEM images from a model 4.0 nm-sized Pt nanocrystal having ideal fcc coordinate.
(B and C) 3D volume maps overlaid with atomic position maps reconstructed from the simulated

TEM images with zone axes of (B) [100] and (C) [110]. (D) Distributions of atomic position
deviations, showing a root mean square deviations of 4.7 pm. Scale bar, 1 nm.
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Fig. S9.

(A to H) 3D reconstruction of model Pt nanocrystals with sizes of (A to D) 2.5 nm and (E to H)
4.0 nm from multi-slice simulation with a pixel size of 0.0895 A followed by binning to 0.358 A
by summing intensities. (I to L) 3D reconstruction of a model 4.0 nm-sized Pt nanocrystal from
multi-slice simulation with a pixel size of 0.0895 A followed by binning to 0.179 A by summing
intensities. (A, E, and I) Multi-slice simulated TEM images of model nanocrystals. (B, C, F, G,
J, and K) 3D volume maps overlaid with atomic position maps reconstructed from the simulated
TEM images with zone axes of (B, F, and J) [100] and (C, G, and K) [110]. The reconstruction
maps are obtained with a parameter of 1,000 projection directions. (D, H, and L) Distributions of
atomic position deviations, showing a root mean square deviations of (D) 3.5 pm, (H) 4.2 pm, and
(L) 4.3 pm. Scale bars, 1 nm.
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Fig. S10.

(A and F) Atomic models of Pt nanocrystals in graphene liquid cells with a thickness of 10 nm.
Red: oxygen, gray: hydrogen, black: carbon, and yellow: platinum. (B and G) TEM images of the
atomic models composed of nanocrystals, liquid, and graphene generated by multi-slice simulation.
(C, D, H, and I) 3D volume maps and atomic position maps reconstructed from the simulated
TEM images with zone axes of (C and H) [100] and (D and I) [110]. (E and J) Distribution of
atomic position deviation, showing a root mean square difference of 4.3 pm for 2.5 nm and 7.5 pm

for 4.0 nm particle. (A to E) 2.5 nm-sized Pt nanocrystal and (F to J) 4.0 nm-sized Pt nanocrystal.
Scale bars, 1 nm.
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Fig. S11.

(A and E) TEM images of model (A) 2.5 nm- and (E) 4.0 nm-sized nanocrystals in 10 nm-thick
graphene liquid cells from multi-slice simulation with a pixel size of 0.0895 A followed by binning
to 0.358 A by summing intensities. (B, C, F, and G) 3D volume maps overlaid with atomic position
maps reconstructed from the simulated TEM images with zone axes of (B and F) [100] and (C and
G) [110]. The reconstruction maps are obtained with a parameter of 1,000 projection directions.
(D and H) Distributions of atomic position deviations, showing a root mean square deviations of
(D) 2.6 pm and (H) 5.6 pm. (A to D) 2.5 nm-sized Pt nanocrystal and (E to H) 4.0 nm-sized Pt
nanocrystal. Scale bars, 1 nm.
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Comparison between (top) original TEM images, (middle) reprojected images (simple sum), and
(bottom) multi-slice simulated images from the eight Pt nanocrystals. (A to F) single crystalline
particles, (G) particle with distorted crystal, (H) particle with dislocation.
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simulation of the eight Pt nanocrystals. (A to F) single crystalline particles, (G) particle with

distorted crystal, (H) particle with dislocation.
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Fig. S14.

(A, D, G, and J) 3D density maps overlaid with atomic coordinates of Pt nanocrystals
reconstructed from the original TEM images. (B, E, H, and K) Re-reconstructed 3D density map
overlaid with atomic coordinates of nanocrystals reconstructed from the simulated TEM images
of the reconstructed atomic map. (C, F, I, and L) Distribution of atomic position deviation. (A to
C) Particle 2, showing a root mean square deviation of 14 pm. (D to F) Particle 4, showing a root
mean square deviation of 19 pm. (G to 1) Particle 6, showing a root mean square deviation of 9.9
pm. (J to K) Particle 8, showing a root mean square deviation of 12 pm. Scale bars, 1 nm.
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Fig. S16.

(A) Simulated TEM images obtained from multi-slice simulation of a model Pt nanocrystal with a
size of 2.5 nm that has defocus following a Gaussian distribution within a range of 10 nm and
standard deviation of 1.7 nm. (B, C) 3D density maps reconstructed from the multi-slice simulated
images in a viewing direction of (B) [100] and (C) [110].
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Sliced images of the radial strain map (&) of Particle 4. Strain is indicated by color gradient from

red (5%), white (0%) to blue (-5%) colors.

Fig. S18.
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different facets of Pt. Five facets typically appearing in reconstructed Pt nanocrystals were

selected. Pictures for C to F show optimized geometries for a single unit of a PVP ligand in the Pt

(D) (110), (E) (111), (F) (211), and (G) (310) facets.

surfaces: (C) (100)
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Fig. S21.

The results of leave-one-out cross-validation (LOOCV). Mean square error (MSE) curve versus
standard deviation of Gaussian kernel for the eight reconstructed Pt nanocrystals. (A to F) single
crystalline particles, (G) particle with distorted crystal, (H) particle with dislocation.
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Fig. S22.

Six components of strain tensors of (A) the single crystalline particle (Particle 4) and (B) distorted
particle (Particle 7). Strain maps in top panels were obtained by differentiating displacement fields
after lattice fitting while the maps in bottom panels were obtained by GPA method. Strain is
indicated by color gradient from red (5%), white (0%) to blue (-5%) colors. Scale bars, 1 nm.
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Fig. S23.

Correlation between size and tensile strains of single crystalline nanocrystals (Particle 1 to 6). (A)
Strains of all constituent atoms, (B) strains of core atoms, and (C) strains of surface atoms. The

surface atoms are defined by the following equation, » > R — di11, where 7 is an atomic position
from center of mass, R is the radius of the nanocrystal, and di1: is the bulk Pt(111) plane distance.
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Fig. S24.

(A and D) Simulated TEM images obtained from multi-slice simulation of (A) a model 2.5 nm-
sized spherical Ag nanocrystal with bulk fcc structure and (D) a model 2.5 nm-sized spherical Ni
nanocrystal with bulk fcc structure. Noises were added with a signal-to-noise ratio of 0.2. (B, C,
E, and F) 3D volume maps reconstructed from the multi-slice simulated images of (B and C) the
model Ag nanocrystals and (E and F) the model Ni nanocrystals. The viewing directions are (B
and E) [100] and (C and F) [110]. The reconstruction maps are obtained with a parameter of 1,000
projection directions. Scale bar, 1 nm.
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Type Size (nm) Number of Lattice Formation energy

atoms parameter (A) (eV/atom)
Particle 1 | Single crystal 2.25 398 3.960 0.706
Particle 2 | Single crystal 2.41 486 4.020 1.213
Particle 3 | Single crystal 2.42 489 3.999 0.980
Particle 4 | Single crystal 2.52 555 3.988 0.366
Particle 5 | Single crystal 2.66 655 3.957 0.407
Particle 6 | Single crystal 2.92 863 3.968 0.706
Particle 7 Distorted 2.44 504 4.021 0.897
Particle 8 Dislocation 2.69 674 3.859 2.579

Table S1.
Size, lattice parameter, and energy of the eight reconstructed Pt nanocrystals.
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Facet  Adsorption site Adsorption energy (eV/nm?)

I 1208
(LY, 2 1.061
3 0.932

1 1322

(110) 2 1318
3 11.308

4 1288

1 11383

(111) 2 1322
3 1319

4 1306

1 11368

2 1,015

(211) 3 -0.809
4 0.785

5 0.731

1 1361

(310) 2 1,183
3 10.963

4 0796

Table S2.

Adsorption energies of PVP on Pt surfaces with different adsorption sites.



Captions for movies
Movie S1.

Cropped movie of (left) raw TEM images and (right) weighted averaged TEM image of Particle
1. The movie contains 2,800 sequential images after tracking and cropping.

Movie S2.
3D density maps, atomic position maps, and strain maps of 8 reconstructed nanocrystals.
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