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Platinum Nanoparticle Compression: Combining in situ TEM and Atomistic Modeling

The mechanical behavior of nanoparticles governs their performance and stability in many
applications. However, the small sizes of technologically relevant nanoparticles, with di-
ameters in the range of 10 nm or less, significantly complicate experimental examination.
These small nanoparticles are difficult to manipulate onto commercial test platforms, and
deform at loads that are below the typical noise floor of the testing instruments. Here
we synthesized small platinum nanoparticles directly onto a mechanical tester, and used
a modified nanomanipulator to enhance load resolution to the nanonewton scale. We
demonstrated the in situ compression of an 11.5-nm platinum nanoparticle with simul-
taneous high-resolution measurements of load and particle morphology. Molecular dy-
namics simulations were performed on similarly sized particles to achieve complementary
measurements of load and morphology, along with atomic resolution of dislocations. The
experimental and simulation results revealed comparable values for the critical resolved
shear stress for failure, 1.28 GPa and 1.15 GPa, respectively. Overall, this investigation
demonstrated the promise of, and some initial results from, the combination of atomistic
simulations and in sifu experiments with an unprecedented combination of high spatial res-
olution and high load resolution to understand the behavior of metal nanoparticles under

compression.
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Metal face-centered-cubic (FCC) nanoparticles possess unique physical, optical, electrical, and
magnetic properties with applications in fields including medicine,! electronics,” water treatment,’
and energy technologies.*> Because properties depend on nanoparticle shape and size, the per-
formance in these applications depends on the stability of the particle, and its resistance to any
mechanical loading or shearing during use. Therefore, understanding the mechanical properties of
metal nanoparticles is vital for controlling their performance.

Great strides have been made in the experimental measurement of the mechanical properties of
metal nanoparticles, including with diamond anvil cells,%” and with in situ compression inside a

)82 or a transmission electron microscope (TEM).10-12 These

scanning electron microscope (SEM
techniques have been extensively applied to larger nanoparticles, with diameters in the range of
tens to hundreds of nanometers, but are more challenging to apply to smaller nanoparticles with
diameters in the range of 10 nm and below, so the understanding of nanoparticle deformation in
this size regime remains incomplete.

TEM compression experiments, performed with real-time imaging but without any measure-
ment of load, demonstrated that 10-nm silver nanoparticles exhibited dislocation activity during
deformation that disappeared upon unloading.'® In separate experiments, similarly sized silver
nanoparticles were subjected to in situ TEM compression, still without load measurement, and
demonstrated liquid-like behavior, where the particles recovered their original shape after the load
was removed.'* Surface diffusion was suggested as the atomic mechanism behind this liquid-like
behavior. Other studies successfully employed indirect methods of in situ deformation of indi-
vidual nanometer-sized Au and Pt crystals.®”14 For example, 3.9-nm colloidal Au nanoparticles’
were compressed under nonhydrostatic pressure conditions in an anvil cell. The structure of these
particles was monitored in situ using a combination of x-ray diffraction and optical absorption
spectroscopy, and it was shown that these particles exhibited plastic deformation due to the for-
mation of crystalline defects (such as dislocations). However, it was not possible to observe the
defects in real time. These investigations open up intriguing questions about the deformation
mechanisms of these particles, yet the former experiments lacked accurate load measurements,
while the latter experiments lacked in situ visualization of the particles.

Compression of small metal FCC nanoparticles has also been studied with simulation methods
such as density functional theory (DFT), molecular dynamics (MD), and finite element methods
(FEM).'>16 Among these methods, DFT calculations are usually limited to small numbers of

atoms because of the high computational cost, and FEM simulations include continuum assump-
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tions that may not be valid at the nanoscale, and also cannot provide atomic resolution."> MD
allows the modeling of nanoparticles of different sizes and geometries at the atomic level, with
a reasonable computational cost.!” Previous MD models of metal FCC nanoparticles found that
nanoparticles exhibit elasticity at low stress'32%. Then, higher stress was shown to cause the nu-
cleation of Shockley 1/6(112){111} partial dislocations, phase changes, and atom rearrangement,
especially at the corners and edges of faceted metal FCC nanoparticles.?%2?

Several studies’?"192! have combined experimental (diamond anvil cell, in situ TEM/SEM inden-
tation) compression of metal FCC nanoparticles with MD simulations. The computational models
were used to simulate dislocations and stacking faults caused by compression. Two types of stack-
ing faults arose from the nucleation and propagation of Shockley partial dislocations: parallel to
the surface of the nanostructure or parallel to internal twin boundaries. In these studies, the com-
putational models provided the atomic resolution that could not be fully observed experimentally.
However, the investigations suffered the same limitations discussed earlier: the diamond-anvil-
cell method lacked direct visualization of nanoparticles, while the in situ TEM investigations only
provided direct force measurement for large nanoparticles. The challenges in conducting experi-
mental (or combined experimental and simulation) investigations on small nanoparticles stem from
typical in situ apparatus and methodology. The most commonly used approach is to synthesize
particles and drop-cast them onto the gauge section of a commercial in situ TEM nanoindenter.
However, as particles shrink down to 10 nm and below, a scale that is critically important for prac-

tical applications, 2326

this approach becomes increasingly difficult to perform for two reasons:
First, it is difficult to deposit small particles in the ideal test configuration, i.e., isolated particles
located in a region that is visible and accessible by the indenter. Second, the loads at which very
small particles deform (often in the tens of nanonewtons) are smaller than the noise floors of com-
mercial in situ TEM nanoindenters (typically in the hundreds or even thousands of nanonewtons).
Here, we overcome these limitations and demonstrate the simultaneous visualization and load

measurement for deformation of an 11.5-nm-diameter platinum nanoparticle. Then we use com-

plementary atomistic simulations to understand the deformation behavior.

To overcome the difficulty of placing nanoparticles in a specific location for testing, we synthe-
sized the platinum particles directly on the testing substrate using strong electrostatic absorption
(SEA).?” SEA is a wet-chemistry method that utilizes electrostatic absorption between the sur-
face of a substrate and charged metal complex in solution to deposit nanoparticles. Six steps

were involved, similar to the standard protocol of Ref[ 27], and so they are only briefly described
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here. First, a plasma-cleaned silicon thin-wedge TEM substrate (<200 nm Plateau, Bruker, Bul-
lerica, MA), with plateau thickness of approximately 10 nm, was oxidized to form a silica wedge
by annealing in air atmosphere at 800 °C with a flow rate of 0.05 cm?/min and heating rate of
10 °C/min for 30 minutes. Second, metal precursors (tetraammineplatinum(II) hydroxide hydrate
(Pt(NH3)4(OH),-xH,0O) from Sigma-Aldrich) were added to the deionized water with an approx-
imate concentration of 2.5 mg per 10 mL of deionized water. The low concentration resulted in a
homogeneous distribution of nanoparticles. Third, the pH was adjusted to 12 by addition of NaOH.
Fourth, the oxidized wedges were impregnated with the solution for 1 hr. Then, the wedges were
calcinated at high temperature (675 °C) in a tube furnace (Lindberg/Blue M, Thermo Electron,
Waltham, MA) for three hours with a heating rate of 10 °C/min and flow rate of 0.05 cm>/min to
disrupt the strong metal complex-substrate interactions that control nanoparticle size.?® Lastly, the
impregnated wedges were hydrogenated at moderate temperature (250 °C) in 10% Hj,/Ar atmo-
sphere for two hours with a heating rate of 5 °C/min and flow rate of 0.5 cm?/min to reduce the
nanoparticles and remove any surface oxide from the oxidation step. In general, this technique
produces bare nanoparticles that are free of the surface ligands that are typical for commercially

available particles.

Small platinum nanoparticles were compressed using a modified commercial in situ TEM
nanomanipulator (Biasing Manipulator model 1800, Hummingbird Scientific, Lacey, WA) in a
transmission electron microscope (Titan Themis G2 200, ThermoFisher Scientific, Waltham, MA)
at an accelerating voltage of 200 kV. While this nanomanipulator cannot inherently measure loads,
it provides the precision of movement required for small-nanoparticle compression. The load mea-
surement challenge was overcome by modifying the manipulator to include an atomic force micro-
scope probe, which served as indenter and load sensor.”~>! The cantilever stiffness of the probe
was pre-calibrated using the Sader method>? and the spring constant was found to be 37.4 N/m.
The nanoparticle-coated substrate was mounted on the piezo-controlled arm, and advanced to-
wards the nanoscale tip of the atomic force microscope probe at a rate of 0.5 nm/s to load the
nanoparticle up to a force of 169 + 3 nN and then retracted to separation. In order to minimize the
effect of the electron beam on the nanoparticles, the beam intensity used in our experiments was
kept less than 7000 e/ sA? (11 A/cm?) which is considered "very weak beam" (beam intensities
< 10000 e/ SAZ) according to prior literature. 33 Additionally, direct visual observation of particle
behavior before and after to loading indicated an absence of beam damage or modification for

these and other tested particles.
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During the tests, real-time TEM videos were recorded. Calculation of load and deformation
was performed after the test using image analysis and digital image correlation (DIC) methods.

Because of the sub-pixel resolution of DIC measurement,*

this technique is able to track the
motion of the indenter with an accuracy of approximately 0.025 nm. When combined with the
spring constant of the cantilever, this achieves a load resolution of 1 nN. Therefore, the approach
is capable of combining nanonewton load resolution with the Angstrém-scale spatial resolution
that is required to reveal the behavior of ultra-small nanoparticles.

The loading data obtained from in situ TEM compression of a Pt nanoparticle of diameter
11.5 nm is shown in Fig. 1(a), with nanoparticle morphologies at representative times shown in
Figs. 1(b)-(d) (Video S1 in supplementary materials Multimedia View). When the probe reached a
distance of 0.5 nm from the nanoparticle, van der Waals attraction resulted in a snap-in event with
an adhesive force of -15.3 £ 0.1 nN (Fig. 1(b)). No deformation was visible during the snap-in
event.

After contact, the force was gradually increased up to a maximum of 169 + 3 nN. Some sur-
face rearrangement was observed from the jagged sides of nanoparticle (see the yellow arrows in
Fig. 1(c)). The precise cause of this rearrangement cannot be determined from the present test
and may indicate some local rearrangement of preexisting dislocations or twin boundaries prior
to the initiation of the system-spanning slip event that caused catastrophic failure. The force then
dropped suddenly and the Pt nanoparticle failed through a catastrophic slip event that spanned the
entire particle (dashed yellow line in Fig. 1(d)). Based on the observation of failure and orientation
of the nanoparticle, determined from the fast Fourier transformation (FFT) pattern of the nanopar-
ticle before failure (See Figure S2), the slip plane was determined to be of {1 1 1} type. This slip
event led to a sharp force drop to 37 + 4 nN as seen in Fig. 1(a).

The critical resolved shear stress (CRSS) at which the nanoparticle failed was calculated using
Schmid’s law:

F
CRSS = Zcosq)cosl (1)

where F is the measured force at failure, A is the cross-sectional area, ¢ is the angle between the
force direction and the vector normal to the shear plane, and A is the angle between the force and
the shear direction, see Fig. 1(d).

To calculate area A in Eq. 1, the width of the nanoparticle was measured, and a circular cross-
section was assumed. Because the width varies across the nanoparticle, different values of A

can be obtained; however, using the observed location where the slip plane intersects the surface
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(and also assuming that the dislocation nucleates where the resolved shear stress is highest) the
cross-sectional area was calculated based on the location of catastrophic failure, corresponding to
the left side of the nanoparticle near the bottom surface (bottommost arrow in Fig. 1c). Using this

approach, the nanoparticle failure occurred at a CRSS of 1.28 GPa.

200
(a) (€) - o
150 ° o
2 (@)
<100 o
8
S 50 | (b) o
L (©)
0ofo
(d)
-50
5 10 15
Time (s)

FIG. 1. An 11.5-nm nanoparticle was compressed to failure with simultaneous high-resolution measure-
ments of load (a) and morphology (b-d). The particle showed no visible deformation upon the initial con-
tact (a), with some surface rearrangement occurring during loading (c). Catastrophic failure occurred (d)

via deformation along a particle-spanning slip plane.

MD simulations were performed using the Large-scale Atomic/Molecular Massively Parallel
Simulator (LAMMPS) package.’® Based on the apparent shape from the in situ TEM, a near-
spherical model FCC nanoparticle with an equivalent diameter of 11.5 nm was “carved” from
a platinum crystal with faces oriented in the {111} plane, using the LAMMPS package and the
visualization software Ovito.’”. The atomic interactions were described by the embedded atom
method (EAM),?® using a parameterization which was shown to accurately reproduce the me-
chanical and surface properties of bulk and nanoscale platinum.>®> A 10-nm gap was introduced
between the nanoparticle and the edges of the simulation box to allow for atom mobility and defor-
mation in response to compression, and fixed boundary conditions were applied in all directions.
The nanoparticle was initially geometrically optimized using the conjugate gradient method until
the difference in energy between iterations divided by average energy was less than 1x1077. The
temperature of the system was increased to 298 K and equilibrated for 200 ps using a canonical
ensemble with a Langevin thermostat.

To apply compression, two movable virtual flat walls were placed at the top and bottom of the
simulation box. These walls interacted with the nanoparticle atoms following a Lennard—Jones 9-

3 potential*® with epsilon equal to 0.6 eV, sigma equal to 0.06 nm, and a cutoff of 0.25 nm.
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Different Lennard-Jones parameters were tested and no effect on the nanoparticle force response
was observed. To reduce the effect of strain rate, the compression was imposed in a step-wise
manner: First, the walls moved in opposite directions towards the nanoparticle at a constant rate of
0.2x10% nm.ps! in steps of 40 ps. Then, each compression step was followed by an equilibration
period of 50 ps using a canonical ensemble, allowing atomic relaxation between compression
steps. The force was calculated as the reaction force exerted on the virtual walls averaged over the
last 12 ps at each equilibration period following the compression. A timestep of 1 fs was used for

all the dynamics processes.

The loading data obtained from the MD simulation of the compression of the 11.5 nm nanopar-
ticle is shown in Fig. 2(a). While the experimental force curve in Fig. 1(a) shows a catastrophic
failure at the maximum load, the simulated force curve in Fig. 2(a) shows a long period of continu-
ous deformation. These different behaviors reflect the different methods of control. The simulation
was run in displacement control, where dislocation activity could cause load drops. However, in
the in situ TEM compression, the cantilever-based spring constant was maintaining an approx-
imately constant load at the point of dislocation nucleation. In this case, all subsequent lower-
stress deformation took place suddenly, and the particle was immediately crushed. While these
force curves are scientifically compatible, the simulated force curve enabled far richer analysis of

the behavior during compression.

~
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Force (nN)

FIG. 2. The force (a) on a model nanoparticle (b) of similar shape and size as the experiment during a
compression simulation. The instantaneous particle morphology is shown using a slice through the particle
perpendicular to the (010) plane at initial contact (c), during loading (d), and after failure, where failure is
identified as a significant load drop almost to zero. Atoms in (b-d) are colored by atomic strain, with atoms

having a strain lower than 0.3 hidden to facilitate the visualization
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The MD force-vs.-time curve (Fig. 2(a)) showed various load-drop events, with some at lower
force (= 100 nN) and others at higher force (= 200 nN). The cross-sections of the particle indicated
that the lower-force load-drop events were associated with surface rearrangement near the indenter
walls, and did not represent deformation in the bulk of the particle. By contrast, at the higher-force
load-drop events, the atomic shear strain indicated that dislocation activity was initiated at the
regions of high atomic strain near the surface, and these dislocations propagated as a pyramidal
structure towards the center of the nanoparticle. This strain was accompanied by the nucleation
of Shockley dislocations. As the dislocations nucleated and propagated, the strain increased and

planes of deformation were observed (Fig. 2(d)).
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FIG. 3. Snapshots of the dislocation nucleation and dislocation glide. Perfect FCC crystal atoms are hidden
to facilitate visualization. Red spheres correspond to hexagonal close-packed (HCP) atoms, and white
spheres are atoms with amorphous structure. Shockley dislocation are shown as green tubes, Stair-rod as

magenta tubes, and Perfect as blue tubes.

The MD simulations provide detailed atomic information about the nucleation and propagation
of dislocations, as well as the failure mechanisms of the nanoparticle. A detailed dislocation
analysis illustrating the structure and dislocations of the nanoparticle at different compression
stages is shown in Fig. 3.

At the maximum force of the pre-dislocation region (191.7 nN), two Shockley dislocations,
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shown in green in Fig. 3(a), nucleated from the surface of the nanoparticle. These dislocations
propagated through the nanoparticle towards an opposite surface, and a perfect dislocation ap-
peared without further increment of the enforced displacement (Fig. 3(b)). As the dislocations
propagated, the force dropped, and a larger number of atoms transitioned to an HCP configura-
tion, or to amorphous arrangements (Fig. 3(c)). Next, the force increased as the atoms accommo-
dated the strain and the dislocations glided from the nucleation site to escape towards the surfaces
(Fig. 3(d)). Once a maximum force was achieved, new Shockley dislocations nucleated from the
top surface at the second force peak at 189.0 nN (Fig. 3(e)). These newly formed dislocations
glided towards the lower surface (Fig. 3(f)). Some dislocations escaped from the surface and the
load increased as shown in Figure (Fig. 3(g)). The processes of dislocation nucleation and gliding
towards the nanoparticle surface continued as the compression progressed, leaving behind surface
steps as shown in (Fig. 3(h)).

To compute the CRSS, Schmid’s law Eq. 1 was used to analyze the computational models
exactly as it was done for experiments. The stress was calculated using the maximum force be-
fore significant dislocation-mediated load drops occurred and the cross-sectional area at which
the initial dislocations nucleated, shown with a black dotted line in Fig. 3(a). While the TEM
only provided a 2D view, the MD provided a full 3D analysis at the atomic level, and the disloca-
tion evolution below the nanoparticle surface could also be observed. Indeed, multiple Shockley
dislocations were observed nucleating and propagating during the transition from homogeneous to
dislocation-mediated deformation. To determine the CRSS, we calculated the angle of the Burgers
vectors with respect to the force for the initial two dislocations shown in Fig. 3(a). Slip along the
{111} or {100} planes is expected with close-packed planes in FCC metals.*! In this case, the
slip planes were identified based on the deformed structure where a dislocation occurred and corre-
sponded to {1 1 1} planes, (See Figure S3). Based on the determined Burgers vector 1/6[—1—12],
and slip plane (1 1 1), a CRSS value of 1.15 GPa was calculated. This value is in a similar range
to that calculated from the experimental data (1.28 GPa), suggesting that the approach used to

estimate the CRSS from MD simulations can be applied for this analysis.

Although values of the CRSS for platinum nanoparticles in the range of 10 nm have not been
reported previously, the values obtained here are within the range reported in previous studies on
FCC micro- and nanostructures as shown in table S1 in supplementary material. These earlier
investigations include experimental studies on platinum nanoparticles in the size range of 150 -

620 nm (maximum CRSS 2.1 GPa)®, nickel nanoparticles in the size range of 200 - 1000 nm
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(CRSS between 2.5 and 10 GPa),’ molybdenum nanopillars of 100 nm diameter (CRSS 1 GPa)*?
and copper, aluminum, and iron nanopillars (CRSS above 0.5 GPa) for diameters less than 100 nm

by curve extrapolation,** and FEM simulations on gold microparticles with maximum diameter of

1 micron (CRSS 1.3 + 0.2 GPa).?!

Previous studies on the compression strength of metal nanoparticles demonstrated that nanopar-
ticle strength increases with decreasing size following a power law.®214445 However, it has been
observed that there is a critical size below which a strength saturation is reached.®** Our calculated
CRSS is comparable to the CRSS of larger platinum nanoparticles reported previously (maximum
CRSS 2.1 GPa for nanoparticles diameters between 150-620 nm).® This suggests that saturation
of the compressive strength was reached with the 10 nm particle studied here, and that the strength
would not increase for smaller sizes. Future studies may explore the effect of length scale by

analyzing the CRSS from compression of nanoparticles of different sizes.

In conclusion, combined in situ TEM experiments and MD simulations demonstrated the be-
havior of small platinum nanoparticles under compression with simultaneous measurement of
nanonewton-scale loads and Angstrém—scale changes in particle size, shape, and defect evolution.
Both experiments and simulations gave approximately the same CRSS value, which confirmed the
applicability of the simulations such that they could be used to reveal atomistic mechanisms of
deformation and failure. More generally, this study showed the range of deformation mechanisms

and nanoscale effects that govern the behavior of technologically relevant nanoparticles.

SUPPLEMENTARY MATERIAL

See the supplementary material for: a video of the in situ TEM compression of the plat-
inum nanoparticle "Multimedia view". Figure S2: Fast Fourier transformation of the compressed
nanoparticle showing the lattice fringes used to determine the nanoparticle orientation. Figure
S3: Illustration of the {111} planes used to calculate the CRSS from molecular dynamics simu-
lations. Table S1: Critical resolved shear stress for representative metal nanomaterials and bulk

FCC metals.
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