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Atomic motion at grain boundaries is essential to microstructure development, growth and stability
of catalysts and other nanostructured materials. However, boundary atomic motion is often too

fast to observe in a conventional transmission electron microscope (TEM) and too slow for ultrafast
electron microscopy. Here, we report on the entire transformation process of strained Pt icosahedral
nanoparticles (ICNPs) into larger FCC crystals, captured at 2.5 ms time resolution using a fast electron
camera. Results show slow diffusive dislocation motion at nm/s inside ICNPs and fast surface
transformation at pm/s. By characterizing nanoparticle strain, we show that the fast transformation is
driven by inhomogeneous surface stress. And interaction with pre-existing defects led to the slowdown
of the transformation front inside the nanoparticles. Particle coalescence, assisted by oxygen-
induced surface migration at T>300°C, also played a critical role. Thus by studying transformation

in the Pt ICNPs at high time and spatial resolution, we obtain critical insights into the transformation
mechanisms in strained Pt nanoparticles.

Transformation of metastable structures is a pervasive phenomenon in materials technology' . The metastable

structure, formed at high temperatures, under mechanical stress or by kinetic growth, transforms under the driv-
. ing force of stored free energy, but the transformation usually requires external mechanical, thermal or chemical
. triggers. The transformation processes in general are complex that theory can only start to predict®. During trans-

formation, atomic motions result in the atomistic structure changes that can be directly observed by X-ray, elec-

tron or neutron scattering techniques. Among these, electron scattering based imaging as performed in a TEM

provides the highest spatial resolution. However, the time resolution of a conventional TEM is only at a fraction

of second (0.033 s at the video rate), compared to nanoseconds in a dynamical TEM*. Because of this, boundary
. motions of durations shorter than a fraction of seconds, but longer than nanoseconds, were not observed by pre-
* vious studies®’. Their observation presents an opportunity for fast electron detectors®-1°.

Experimental Methods

The uniform Pt ICNPs were synthesized using a modified method as described in the methods section. An
icosahedral nanoparticle has 6 fivefold axes and 20 triangular faces with the Ih symmetry'>!2 It belongs to a
special class of nanostructures called multiply twinned particles (MTP)!3-1>. MTPs have attracted special inter-
ests in the fields of cluster physics, quasicrystal, metallic glass, catalysis and nanotechnology because of their
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Figure 1. Atomic structure of Pt ICNPs. (A) A TEM image of dispersed Pt ICNPs showing the uniform

size and structure. (B) A high resolution electron micrograph of a Pt ICNP. The ICNP deviates from the

3-fold axis about 5°. (C) The atomic model of a Pt ICNP relaxed by MD simulation. In the model, atoms with
coordination numbers deviated from that of FCC lattice are colored in purple, showing the positions of defects
and dislocations. (D) A simulated HREM image using the atomic model in (C). The model is tilted 5° about the
horizontal axis.

noncrystallographic symmetry, and unique chemical and physical properties. The structure of MTPs consists of
FCC crystal tetrahedral subunits, which are twin-related on their adjoining faces. The space-filling of those subu-
nits is not complete, leaving a large angular misfit. Consequently, MTPs are believed to be formed with disinclina-
tion and related large strain'#-1°. Because of this, large ICNPs have long been predicted theoretically to be unstable
compared to the FCC crystal'>!”18, Beside the energetic consideration, the particle structure and shape are further
influenced by growth kinetics and thermodynamics'. Experimentally, as synthesized large ICNPs (or MTPs) are
stable in vacuum when observed by a TEM!>%. Their stability has been attributed to the extensive atomic rear-
rangements required to transform to the FCC crystal that is kinetically forbidden under most circumstances'.

We investigated the stability of ICNPs under oxidative atmosphere in a newly developed environmental TEM
(ETEM). This instrument combines the sample heating and gas environment with a CMOS-based, high-fidelity
and high-transfer rate direct electron detection camera (Gatan, Pleasanton, CA, also see!), which operates at the
imaging speed of 400 frames per second for the time resolution of 2.5ms in the so-called in-situ (IS) mode. An
early observation suggested that the morphology of ICNPs was unstable when exposed to oxygen at 210°C in the
original synthetic solution?. In this study, the uniform Pt ICNPs were supported on a fine tungsten wire heater?,
heated to over 300 °C in vacuum and under several gaseous conditions.

Results and Discussion

The atomistic structure of as-synthesized Pt ICNPs was investigated first. The as-synthesized nanoparticles were
relatively uniform in size and shape, as demonstrated by the TEM image of a group of Pt ICNPs of 36 nm in
diameter in Fig. 1A. A nanoparticle with the perfect icosahedral symmetry is expected to have symmetric and
homogeneous contrast in the high resolution electron microscopy (HREM) image (for an example of a simu-
lated image, see Fig. S1C in supplementary materials). Using molecular statics simulation (MSS), the relaxed
atomic model contains defects, whose locations are demonstrated in Fig. 1C. In Fig. 1D, the simulated HREM
image based on the relaxed atomic model shows inhomogeneous contrast similar to that in Fig. 1B. Thus, the
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Figure 2. TEM evidence for the transformation of Pt ICNPs to FCC single crystals. (A-E) Transformation in
a Pt ICNP in a time sequence from the start of observation (0's) to 7.7825s taken at the electron dose of 90 e/
AZs. Figs (F,G) are the zoom-in images of ICNP 1 before and after transformation (images size 1536 x 1228
pixels). Three Pt ICNPs are seen supported on other nanoparticles as marked in (A). The dashed red lines mark
the initial surfaces of the ICNPs and boundaries, while the dashed yellow lines mark the transformation front
inside ICNP 1 (marked with the blue hexagon in (A)), 36 nm in diameter). The insets in (A-E) at the bottom
right corners illustrate the structure and the transformed portion of the particle. The images shown here were
averaged over 11 frames recorded at 2.5 ms apart for a displayed time resolution of 27.5 ms. Scale bar, 10 nm.

inhomogeneous contrast can be attributed to defects in the nanoparticles and related strain. In Figs S2-S3 of sup-
plementary materials, the edge dislocation and the screw dislocation are also resolved in the Pt ICNPs by HREM.
Together, the above experimental data demonstrated that as synthesized Pt ICNPs contain defects.

The transformation from ICNPs to FCC single crystals was observed for clusters of Pt ICNPs that were in
contact with each other at 300 °C under the flow of oxygen gas. Figure 2 shows representative TEM images
at key stages of the transformation involving three connecting particles (marked as 1, 2 and 3) taken from
Supplementary Movie 1. At the start of observation (t=0s), characteristic contrast was observed from the
strained twin boundaries in these particles. The zoom-in HREM image in Fig. 2G shows the atomic lattices in
Particle 1 before the transformation. Lattices of different FCC grains were recorded prior to the transformation
(Fig. 2F). At 0.7975s, a bright contrast propagated from the bottom of Particle 1 at the same time as the lattice in
Particle 3 rotated (Fig. 2,A,B). Surprisingly, the transformed part of Particle 1 showed the same observed lattice as
the new Particle 3. The transformation to a FCC single crystal occurred between 0.7975 and 7.3975 s as the front
moved further into Particle 1 and the entire particle transformed into a single crystal at 7.7825s (Fig. 2E). The
single crystal structure was confirmed by the lattice fringes observed in the high resolution TEM micrographs
(Fig. 2H) as well as by electron diffraction (see Fig. S4 for an example). The entire transformation of Particle 1 thus
took slightly more than 7 seconds once it started.
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Figure 3. Analysis of boundary movements. (A) Transformation and (B) migration speed measured along
three directions labelled as a, b and c and plotted as a function of time for Pt ICNP 1 shown in Fig. 2. A separate
time coordinate is drawn on top of (B) at the unit of ms, starting from 7.5000s.

Figure 3 shows the speed of grain boundary movements in Particle 1. The boundary position and movement
were determined by the time-dependent change in contrast recorded in the intensity profiles along three direc-
tions of a-c in Fig. 3B. Along all three directions, a fast boundary movement was observed starting at 0.7425s, fol-
lowed by a relatively slow and steady propagation from 1 to 7s. The moving front became unstable after 7.7000s,
as indicated by the back and forth movements (Fig. 3B). The boundary movements ended with an abrupt accel-
eration at a speed of over 1 pm/s.

After Particle 1 transformed completely, Particle 2 started to change, with a brief delay, at the region where the
two particles were in contact (Fig. 4, Supplementary Movie 2). Moiré fringes were observed first at 7.6175s due
to the overlap of the existing lattice in Particle 2 with the new one in Particle 1 (Supplementary Movie 1). They
started to move and disappeared by the time of 14.3825s, as shown in Fig. 4A-F. The transforming lattice fringes
of Particle 2 matched with those in Particle 1, thus the change in the Moiré fringe contrast was the result of trans-
formation fronts propagating in Particle 2. The same process, initially occurring in Particle 1, was also observed
for Particle 2, with the slow movement of grain boundary between 11.1925 and 14.3550s and then the fast one
after 14.3550 s (Supplementary Movie 2). The transformation initially started from grains 1 and 2, as marked in
Fig. 4B, with one grain in direct contact with Particle 1.

Dislocation motions accompanied the slow part of the grain boundary movement, which is observed in the
middle part of Particle 2, as revealed in a series of TEM images (Fig. 5A-E, Supplementary Movie 2). The move-
ment of dislocation was tracked from 13.0350 to 14.0525 s, as marked by the white triangles in Fig. 5F. These
dislocations are associated with the dark blob-like contrast, which comes from the strain close to the disloca-
tions. The nature of these dislocations was confirmed by tracking the {111} lattice fringes on both sides of the
grain boundary (Supplementary Fig. S5). The dislocations were observed to move in a concerted fashion, which
resulted in the overall forward movement of the transformation front in Particle 2. Two dislocations close to the
particle surface as indicated by the red circle disappeared at the early stages of the process, presumably reaching
the surface of particle. Individual dislocations also moved sideways, which is consistent with the random nature
of dislocation motion by atomic diffusion®.

The last stage of fast transformation was captured for an ICNP oriented along one of the two-fold axes, as
shown in Fig. 6A-F (Supplementary Movie 3). Under this imaging condition, one tetrahedral subunit could be
recorded with the (111) lattice fringes parallel to the top surface of the particle (Fig. 6A). The lattice fringes were
observed initially from the center all the way to the top surface of the Pt particle. During the transformation, the
bottom fringes started to fluctuate (Fig. 6B) and disappeared first, as indicated by the intensity profiles in Fig. 6G,
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Figure 4. Propagation across the two neighboring Pt particles. (A-F) Transformation of Particle 2 (particle

on the right) following the transformation of Particle 1 (particle on the left). Particle 2 is superimposed by the
partial icosahedral schematic in white. Dotted red lines mark the edge of the particle(s). Dotted yellow lines are
used to mark the boundary of Moiré fringe. Dashed yellow lines mark the grain boundaries. The image size are
958 x 658 pixels.

taken along the vertical direction between the two positions marked as X and Y in Fig. 6A. These lattice fringes
gave rise to oscillations in intensity. We noted that Fringe 1 disappeared first at 2.5000s, followed by Fringe 2 at
2.8750's (Fig. 6G). After the disappearance of lattice Fringes 5 and 6, the rest of 16 fringes disappeared simultane-
ously at 2.9575s. It took 5 ms for the transformation front to propagate over 3.48 nm, corresponding to a trans-
formation speed of 696 nm/s (Supplementary Fig. S6). This exceptionally fast dynamics occurred in the highly
strained regions of the Pt ICNP near the surface, which only became observable using this vastly improved ETEM
equipped with the CMOS detector.

Transformation Mechanism

The Pt ICNPs used in this study possess a very different transformation process from those reported for small
MTPs. The small MTPs could co-exist among various metastable states of very small energy differences?*. It
has also been suggested that the transformation in small MTPs could enter into and move through a particle via
disclination® or continuously involve correlated atomic motion''. For the large Pt ICNPs, however, the transfor-
mation started from 1 or 2 tetrahedral subunit(s), moved to other ones of different orientations (FCC grains), and
eventually formed a larger FCC crystal involving multiple nanoparticles. The abnormal grain growth, which has
been observed in a range of polycrystalline materials, is the only other known process that is capable of driving
the transformation of a microstructure in a topologically similar way*~*°. For example, in specially deformed Al
containing 0.05% of Si, a few grains grow rapidly during annealing into much larger grains with larger tilt angles
than other grains?. The transformation of Pt ICNPs is similar to this case in that it does not involve a secondary
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Figure 5. Dislocation motion at the transformation front. (A-E) TEM images showing the contrast (indicated
by red arrows) from dislocations moving with the boundary in Particle 2. (F) Illustration of the dislocation track
as measured from the series snapshots in (A-E). The diffusive jump of three dislocations from 13.3375s (B) to
13.53005 (C) is indicated by the red dashed lines in (F). The two dislocations on the left most part disappeared
as the transformation proceeded.

phase either, except for the support of heating wire. It is also unique because all the grains of Pt ICNPs are of the
same shape and size prior to the transformation.

The major difference between an ICNP and a FCC nanocrystal is the strain. An ideal ICNP is characterized
by its disinclinations and related strain'>!*, however, such ideal model is only applicable to small ICNPs without
defects. The question is whether the larger Pt ICNPs can have the Th morphology but with each segments being
unstrained FCC crystals twinned on the {111} planes. To examine this, we performed strain analysis using the
atomic resolution images recorded from the Pt ICNPs. In Fig. 7A, the atomic resolution image was recorded in
the dark-field mode by selecting a part of the diffraction pattern without the transmitted beam for imaging. To
quantify the amount of the projected strain in the image, we measured the strain maps using the TeMA method*".
In this method, the position of each atomic column was measured first and then used to calculate the strain by
comparing the detected atomic positions with a reference lattice. Strain in horizontal and vertical (x and y) direc-
tions and the shear strain of the xy plane are shown in Fig. 7B-D. The reference lattice was taken as a=2.74 4,
b=2.66 A and y=118.70° as illustrated in the inset of Fig. 7A (the bulk Pt crystal gives a=b = 2.766 A and
~=120°). The modulation of strain from the reference deformed lattice can be seen from the strain map. These
results together show that the sub unit of the Pt tetrahedron is not the relaxed FCC single crystal, but is strained
and the strain is inhomogeneous. Near the surface, which is the right edge on the strain maps of Fig. 7B-D, signif-
icant tensile strain was observed in the out-of-plane direction (¢,,). The large strain near the core of the ICNP as
predicted by inhomogeneous strain model of Howie and Marks!® was not observed in the Pt ICNPs, presumably
due to strain relaxation by dislocations as evidenced by the TEM results and the molecular static simulations.

Under our observation conditions, the Pt ICNPs formed aggregates on the heating filament. Prior to the trans-
formation, the ICNPs first coalesced under the oxidative heating environment (see Fig. S7). The oxygen atoms
could also diffuse’ through the twin boundaries and dislocations in the Pt ICNPs, which modifies the internal
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Figure 6. Collective lattice transformation within a single domain of icosahedron. (A-F) A series of TEM
images show the transformation within a single tetrahedral subunit of an icosahedron along the two-fold axis
(image size 870 x 598 pixels). (G) The averaged intensity profile along the box from x to y in (A) is plotted for
each image at different times. Number 1-6 are used to label the first six disappearing lattice fringes.
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Figure 7. Analysis of strain in a large Pt ICNP: (A) dark field aberration corrected TEM image showing the
difference in contrast across the nanoparticle, and (B-D) the corresponding strain maps. (For details, see text).
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stress of the ICNPs. In our experiment, the contact area between ICNPs is seen smoothed during annealing in
oxygen (Fig. 4 and Fig. S7C,D). For example, the surface protrusion marked by the arrow in Fig. 4D came from
the shear of crystal lattice. It became smooth through surface diffusion under the prolonged heating condition
and exposure to oxygen. Therefore, the oxidative annealing promotes the surface diffusion of Pt atoms, which was
also seen in ref.*

Experimentally, we observed that isolated ICNPs did not transform under oxidative annealing during the
extended observation time (Figs S8-S9), while almost all contacting Pt ICNPs transformed under the same con-
dition with the particle sizes ranging from 15nm to 36 nm in diameter (Figs S10-13). The difference in the trans-
formation kinetics between the clustered ICNPs and isolated ICNPs suggests a difference in the nucleation of new
FCC grain (the nucleation process was not directly observed in our experiment). Since the transformation starts
and ends at the particle surfaces, the contact between ICNPs likely provided the initial nucleation grains by the
mechanisms of diffusion and coalescence, which was not available to isolated ICNPs. The variation of kinetics at
the nanoparticle boundaries likely favored the nucleation of the new FCC grain.

Conclusion

In summary, clusters of Pt ICNPs are seen to transform into FCC crystals and lose their unique {111} surfaces
under the oxidative condition at elevated temperatures. The entire process, which was captured by ETEM at a
time resolution of 2.5 ms, includes fast correlative lattice transformation near the nanoparticle surface, and slow
grain boundary motion near the nanoparticle center. High resolution electron imaging and molecular statics
simulations show inhomogeneous strain and surface stress in the prepared large Pt ICNPs. Further, in-situ ETEM
observations suggest that interfacial kinetic processes played a critical role in this transformation. Thus, our study
demonstrates both fast and slow grain boundary motions in inhomogenously strained Pt ICNPs, and provides
key insights into the transformation mechanisms in strained nanoparticles.

Methods

Synthesis of Pt ICNPs. The Pt icosahedral nanoparticles were prepared following the previously reported
method?. Specifically, 20 mg of platinum acetylacetonate (Pt(acac),), 1 mL of dodecylamine (DDA), and 50 pL
of oleic acid were mixed and preheated at 130 °C to make the solution I. A mixture of 1 mL of diphenyl ether and
9mL of dodecylamine was degassed in a 25-mL flask under the protection of argon gas for about 10 min. Carbon
monoxide gas was then introduced and the CO-saturated solution was heated at 210°C for 15min at a flow rate of
120 cm®/min (OMEGA FMA-A2305) and a pressure of 10 psi, followed by injecting the solution I with a syringe.
The mixture was held at 210 °C under CO flow for 30 min. The black precipitate was washed three times with
10 mL of chloroform and collected by centrifugation at 6500 rpm for 8 min.

In-situ ETEM experiments. In-situ TEM experiments were conducted in an environmental TEM (Hitachi
H9500, 300kV, base vacuum 107° Pa). The Pt ICNPs were dispersed in DI H,O and then brushed on the tungsten
heating wire of the in-situ TEM holder, which was heated using an ultrastable DC power supply®. The heating
temperature was calibrated using the electrical resistance measurement and a thermocouple. A Gatan K2-IS cam-
era was used for recording the ETEM images (image size 1920 x 1856 pixels, electron dose was controlled at 90 e/
AZes). This camera captures images at 400 fps (frame per second) at full frame or up to 1600 fps for 1/4 frame for
up to 15 min, recording by a back-thinned CMOS monolithic active pixel sensor®*. The Pt ICNPs were heated
in vacuum, under flowing gas of Ar, N,, O, or a mixing gas at a N,/O, volumetric ratio (v:v) of 4 and a pressure
between 1 x 10~* and 3 x 10~ Pa inside the sample chamber. The gas was introduced using a custom-built gas
handling system through a gas injection nozzle inside the sample heating holder. Transformation was observed
at T >300°C for those ICNPs in contact with each other under the flow of O, or the mixed gas of N, and O, (the
latter provided the best imaging results which are shown in this paper).

High Resolution Electron Microscopy. High resolution electron microscopy (HREM) was carried out
using the Argonne chromatic aberration (C,) corrected TEM (ACAT) at the Electron Microscopy Center at
Argonne National Laboratory. The TEM is operated at 200kV. A defocus of 20 nm was employed to image both
thick areas in the center of the particle and the thin parts near the edge. Dark field HREM imaging was performed
to image the defects in the particles.

Characterization of Dislocations. To image dislocations in the Pt ICNPs, dark field images were acquired
by selecting a sub-area of the diffraction spots excluding the center spot, using the objective aperture. A triangle
domain is typically activated as seen in Fig. S7. The inclusion of several spots and the use of aberration correction
help to maintain the atomic resolution in the dark field image.

Image Simulation. HREM images are simulated using the multislice method in Zmult software, with the
capability to simulate a large structure consisting up to 2000000 atoms. The parameters used in the simulation
was adjusted according to the experimental condition on ACAT (200keV, C,=5um, C,;=1.9um, 3.5 mrad con-
vergence angle). A defocus of 20 nm was selected to image both thick part in the particle center and the thin part
close edges. The Pt ICNP atomic models were slightly tilted to match with experimental images.

Molecular Statics Simulation.  Molecular statics simulations were carried out in LAMMPS with embedded
atom model (EAM) interatomic potential of Pt*%. Pt ICNP with different diameters of 5, 15 and 30 nm, respec-
tively, were built based on previous literature®. Conjugate gradient (CG) minimization was applied to relax the
atomistic structures of the whole nanoparticles. There were only twin boundaries but no pre-existing dislocations
inside these nanoparticles before relaxations. After the relaxations, a certain amount of dislocations were auto-
matically generated only in the nanoparticle with the diameter of 30 nm as shown in Fig. 1(C), but no dislocations
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were observed in those smaller nanoparticles. This is because that the total strain energy inside the nanoparticle
should be larger than the critical value for dislocation nucleation in this nanoparticle and it is proportional to the
nanoparticle volume.

References

1.
2.
3.

4.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34,

35.

Kostorz, G. In Phase transformation in materials (Wiley-VCH, Weinheim, Germany, 2005).

Howe, J. M. In In-Situ Electron Microscopy At High Resolution (ed F. Banhart) (World Scientific Co., 2008).

Panciera, E. et al. Synthesis of nanostructures in nanowires using sequential catalyst reactions. Nat Mater 14, 820-825, https://doi.
org/10.1038/nmat4352 (2015).

Kim, J. S. et al. Imaging of transient structures using nanosecond in situ TEM. Science 321, 14721475, https://doi.org/10.1126/
science.1161517 (2008).

. Chen, L. Q. Phase-field models for microstructure evolution. Annu Rev Mater Res 32, 113-140, https://doi.org/10.1146/annurev.

matsci.32.112001.132041 (2002).

. Legros, M., Gianola, D. S. & Hemker, K. J. In situ TEM observations of fast grain-boundary motion in stressed nanocrystalline

aluminum films. Acta Materialia 56, 3380-3393, https://doi.org/10.1016/j.actamat.2008.03.032 (2008).

. Rupert, T. J., Gianola, D. S., Gan, Y. & Hemker, K. J. Experimental Observations of Stress-Driven Grain Boundary Migration. Science

326, 1686-1690, https://doi.org/10.1126/science.1178226 (2009).

. Prydderch, M. L. et al. A 512 x 512 CMOS Monolithic Active Pixel Sensor with integrated ADCs for space science. Nuclear

Instruments & Methods in Physics Research Section a-Accelerators Spectrometers Detectors and Associated Equipment 512, 358-367,
https://doi.org/10.1016/s0168-9002(03)01914-4 (2003).

. Milazzo, A. C. et al. Active pixel sensor array as a detector for electron microscopy. Ultramicroscopy 104, 152-159, https://doi.

org/10.1016/j.ultramic.2005.03.006 (2005).

McMullan, G. et al. Electron imaging with Medipix2 hybrid pixel detector. Ultramicroscopy 107, 401-413, https://doi.org/10.1016/j.
ultramic.2006.10.005 (2007).

Mackay, A. A dense non-crystallographic packing of equal spheres. Acta Crystallographica 15, 916-918, https://doi.org/10.1107/
S0365110X6200239X (1962).

Yang, C. Y., Yacaman, M. J. & Heinemann, K. Crystallography of decahedral and icosahedral particles 0.2. High symmetry
orientations. Journal Of Crystal Growth 47, 283-290, https://doi.org/10.1016/0022-0248(79)90253-7 (1979).

Ino, S. Epitaxial growth of metals on rocksalt faces cleaved in vacuum 0.2. Orientation and structure of gold particles formed in
ultrahigh vacuum. Journal Of The Physical Society Of Japan 21, 346, https://doi.org/10.1143/jpsj.21.346 (1966).

Marks, L. D. Surface structure and energetics of multiply twinned particles. Philosophical Magazine A 49, 81-93, https://doi.
0rg/10.1080/01418618408233431 (1984).

Howie, A. & Marks, L. D. Elastic strains and the energy balance for multiply twinned particles. Philosophical Magazine A 49, 95-109,
https://doi.org/10.1080/01418618408233432 (1984).

Johnson, C. L. et al. Effects of elastic anisotropy on strain distributions in decahedral gold nanoparticles. Nature Materials 7, 120-124
(2008).

Baletto, E, Ferrando, R., Fortunelli, A., Montalenti, E & Mottet, C. Crossover among structural motifs in transition and noble-metal
clusters. The Journal of Chemical Physics 116, 3856-3863, https://doi.org/10.1063/1.1448484 (2002).

Barnard, A. S., Young, N. P, Kirkland, A. I., van Huis, M. A. & Xu, H. Nanogold: A Quantitative Phase Map. ACS Nano 3, 1431-1436,
https://doi.org/10.1021/nn900220K (2009).

Marks, L. D. & Peng, L. Nanoparticle shape, thermodynamics and kinetics. Journal of Physics-Condensed Matter 28, 053001, https://
doi.org/10.1088/0953-8984/28/5/053001 (2016).

Wu, J. et al. Growth of Au on Pt Icosahedral Nanoparticles Revealed by Low-Dose In Situ TEM. Nano Letters. https://doi.
org/10.1021/acs.nanolett.5b00414 (2015).

McMullan, G., Farugqi, A. R, Clare, D. & Henderson, R. Comparison of optimal performance at 300keV of three direct electron
detectors for use in low dose electron microscopy. Ultramicroscopy 147, 156-163, https://doi.org/10.1016/j.ultramic.2014.08.002
(2014).

Zhou, W.,, Wu, J. & Yang, H. Highly Uniform Platinum Icosahedra Made by Hot Injection-Assisted GRAILS Method. Nano Letters
13, 2870-2874, https://doi.org/10.1021/n1401214d (2013).

Kamino, T. et al. Development of a gas injection/specimen heating holder for use with transmission electron microscope. Journal Of
Electron Microscopy 54, 497-503, https://doi.org/10.1093/jmicro/dfi071 (2005).

Balluffi, R. W. Grain boundary diffusion mechanisms in metals. Journal Of Electronic Materials 21, 527-553, https://doi.org/10.1007/
bf02669167 (1992).

lijima, S. & Ichihashi, T. Structural Instability of Ultrafine Particles of Metals. Physical Review Letters 56, 616-619, https://doi.
org/10.1103/PhysRevLett.56.616 (1986).

Ajayan, P. M. & Marks, L. D. Phase instabilities in small particles. Phase Transitions 24-26, 229-258, https://doi.
0rg/10.1080/01411599008210232 (1990).

Ferry, M. & Humpbhreys, E. J. The deformation and recrystallization of particle-containing {011} (100) aluminium crystals. Acta
Materialia 44, 3089-3103, https://doi.org/10.1016/1359-6454(95)00432-7 (1996).

Hibbard, G. D., Aust, K. T. & Erb, U. On interfacial velocities during abnormal grain growth at ultra-high driving forces. Journal Of
Materials Science 43, 6441-6452, https://doi.org/10.1007/s10853-008-2975-5 (2008).

Taleff, E. M. & Pedrazas, N. A. A New Route for Growing Large Grains in Metals. Science 341, 1461-1462, https://doi.org/10.1126/
science.1245056 (2013).

Zuo, J. M. et al. Lattice and strain analysis of atomic resolution Z-contrast images based on template matching. Ultramicroscopy 136,
50-60, https://doi.org/10.1016/j.ultramic.2013.07.018 (2014).

Schmiedl, R. et al. Oxygen diffusion through thin Pt films on Si(100). Applied Physics A 62, 223-230, https://doi.org/10.1007/
bf01575085 (1996).

Dai, S. et al. In situ atomic-scale observation of oxygen-driven core-shell formation in Pt3Co nanoparticles. Nature Communications
8, 204, https://doi.org/10.1038/s41467-017-00161-y (2017).

Battaglia, M. et al. A rad-hard CMOS active pixel sensor for electron microscopy. Nuclear Instruments & Methods in Physics Research
Section a-Accelerators Spectrometers Detectors and Associated Equipment 598, 642-649, https://doi.org/10.1016/j.nima.2008.09.029
(2009).

Zhou, X. W,, Johnson, R. A. & Wadley, H. N. G. Misfit-energy-increasing dislocations in vapor-deposited CoFe/NiFe multilayers.
Physical Review B 69, 144113 (2004).

Glasner, D. & Frenkel, A. I. Geometrical Characteristics of Regular Polyhedra: Application to EXAFS Studies of Nanoclusters. AIP
Conference Proceedings 882, 746-748, https://doi.org/10.1063/1.2644651 (2007).

Acknowledgements
This work was supported by NSF DMR-1410596 (WG, AY and J]MZ), DOE BES DEFG02-01ER45923 (JBW and
JMZ), NSE CHE-1213926 (JBW and HY), and Shen Fellowship from Department of Chemical and Biomolecular

SCIENTIFICREPORTS |7: 17243 | DOI:10.1038/s41598-017-16900-6 9


http://dx.doi.org/10.1038/nmat4352
http://dx.doi.org/10.1038/nmat4352
http://dx.doi.org/10.1126/science.1161517
http://dx.doi.org/10.1126/science.1161517
http://dx.doi.org/10.1146/annurev.matsci.32.112001.132041
http://dx.doi.org/10.1146/annurev.matsci.32.112001.132041
http://dx.doi.org/10.1016/j.actamat.2008.03.032
http://dx.doi.org/10.1126/science.1178226
http://dx.doi.org/10.1016/s0168-9002(03)01914-4
http://dx.doi.org/10.1016/j.ultramic.2005.03.006
http://dx.doi.org/10.1016/j.ultramic.2005.03.006
http://dx.doi.org/10.1016/j.ultramic.2006.10.005
http://dx.doi.org/10.1016/j.ultramic.2006.10.005
http://dx.doi.org/10.1107/S0365110X6200239X
http://dx.doi.org/10.1107/S0365110X6200239X
http://dx.doi.org/10.1016/0022-0248(79)90253-7
http://dx.doi.org/10.1143/jpsj.21.346
http://dx.doi.org/10.1080/01418618408233431
http://dx.doi.org/10.1080/01418618408233431
http://dx.doi.org/10.1080/01418618408233432
http://dx.doi.org/10.1063/1.1448484
http://dx.doi.org/10.1021/nn900220k
http://dx.doi.org/10.1088/0953-8984/28/5/053001
http://dx.doi.org/10.1088/0953-8984/28/5/053001
http://dx.doi.org/10.1021/acs.nanolett.5b00414
http://dx.doi.org/10.1021/acs.nanolett.5b00414
http://dx.doi.org/10.1016/j.ultramic.2014.08.002
http://dx.doi.org/10.1021/nl401214d
http://dx.doi.org/10.1093/jmicro/dfi071
http://dx.doi.org/10.1007/bf02669167
http://dx.doi.org/10.1007/bf02669167
http://dx.doi.org/10.1103/PhysRevLett.56.616
http://dx.doi.org/10.1103/PhysRevLett.56.616
http://dx.doi.org/10.1080/01411599008210232
http://dx.doi.org/10.1080/01411599008210232
http://dx.doi.org/10.1016/1359-6454(95)00432-7
http://dx.doi.org/10.1007/s10853-008-2975-5
http://dx.doi.org/10.1126/science.1245056
http://dx.doi.org/10.1126/science.1245056
http://dx.doi.org/10.1016/j.ultramic.2013.07.018
http://dx.doi.org/10.1007/bf01575085
http://dx.doi.org/10.1007/bf01575085
http://dx.doi.org/10.1038/s41467-017-00161-y
http://dx.doi.org/10.1016/j.nima.2008.09.029
http://dx.doi.org/10.1063/1.2644651

www.nature.com/scientificreports/

Engineering at UIUC (JBW and HY). The development of environmental TEM with fast imaging capability was
supported by NSF MRI-1229454 (JMZ and WLW). Sandia National Laboratories is a multi-program laboratory
managed and operated by Sandia Corporation, a wholly owned subsidiary of Lockheed Martin Corporation, for
the US Department of Energy’s National Nuclear Security Administration under contract DE-AC04-94AL85000.
The transmission electron microscopy was partially performed at the Electron Microscopy Center in the Center
for Nanoscale Materials at ANL, a DOE-BES Facility, supported under Contract No. DE-AC02-06CH11357 by
University of Chicago Argonne, LLC. We thank the technical help from Drs Hyuk Park of University of Illinois,
Xiaofeng Zhang of Hitachi and Cory Czarnik of Gatan Inc.

Author Contributions

The in-situ TEM experiment was performed by W.P.G. and ].B.W. Pt nanoparticles were synthesized by ].B.W. and
H.Y. P.L. performed the ADF imaging in STEM. L.Q. carried out the molecular statics simulation and analysis.
J.G.W. and D.M. carried out the high resolution dark field TEM characterization. W.P.G., A.Y. and ].M.Z. analyzed
the data. The ETEM capabilities was designed and developed by JM.Z., ].M., WL.W. and WP.G. JIM.Z., WPG,,
H.Y. and J.B.W. wrote the paper. .M.Z. directed the research.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-017-16900-6.

Competing Interests: The authors declare that they have no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

T | jcense, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2017

SCIENTIFICREPORTS |7: 17243 | DOI:10.1038/s41598-017-16900-6 10


http://dx.doi.org/10.1038/s41598-017-16900-6
http://creativecommons.org/licenses/by/4.0/

	Dynamics of Transformation from Platinum Icosahedral Nanoparticles to Larger FCC Crystal at Millisecond Time Resolution

	Experimental Methods

	Results and Discussion

	Transformation Mechanism

	Conclusion

	Methods

	Synthesis of Pt ICNPs. 
	In-situ ETEM experiments. 
	High Resolution Electron Microscopy. 
	Characterization of Dislocations. 
	Image Simulation. 
	Molecular Statics Simulation. 

	Acknowledgements

	Figure 1 Atomic structure of Pt ICNPs.
	Figure 2 TEM evidence for the transformation of Pt ICNPs to FCC single crystals.
	Figure 3 Analysis of boundary movements.
	Figure 4 Propagation across the two neighboring Pt particles.
	Figure 5 Dislocation motion at the transformation front.
	Figure 6 Collective lattice transformation within a single domain of icosahedron.
	Figure 7 Analysis of strain in a large Pt ICNP: (A) dark field aberration corrected TEM image showing the difference in contrast across the nanoparticle, and (B–D) the corresponding strain maps.




