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ABSTRACT: A well characterized and predictable aging
pattern is necessary for practical energy storage applications
of nanoporous particles that facilitate rapid transport of ions
or redox species. Here we use STEM tomography with
segmentation to show that surface diffusion and grain
boundary diffusion are responsible for pore evolution at in-
termediate and higher temperatures, respectively. This un-
precedented three dimensional understanding of pore be-
havior as a function of temperature suggests routes for
optimizing pore stability in future energy storage materials.

The high surface area and unique chemical activit?r of nano-
porous metals are of potential value for catalysis, > medical
treatments,” chemical detection,* electrical energy storage,® ”
and hydrogen storage.'”"" Palladium is a metal that is relevant to
all of these areas. In these materials, high surface area can accelerate
charging, discharging, or reaction when these are limited by surface
processes (due directly to high surface area) or by bulk transport
processes, because every point in the material is within a few
atoms of an interface.

It is well known that the high surface energy of nanoscale
materials (and especially metals) can cause them to restructure at
temperatures well below their melting points.'>"* Coarsening of
nanoporous gold has been examined,'* and pore stability is
known to be a strong function of composition.'”'® Tt is also
expected to be a strong function of size, since material evolution
due to diffusion is proportional to variations in local surface cur-
vature,'®"” and may depend on crystal orientation'® and the
regularity of pore diameter and spacing, which is discussed below.
The migration of voids in bulk materials is well studied, especially
in stressed environments,' but much less so in nanocrystalline or
nanostructured materials.

We report the collapse of pores and coarsening at elevated
temperatures (~300—600 °C) on time scales of hours, but long-
term aging of materials at more moderate temperatures may also
occur, possibly by different mechanisms. It is important, then, to
have a thorough understanding of the structural evolution of
porous metals as a function of temperature and time, and to
understand the mechanism behind the changes.

Here, we aim to address these important challenges by ther-
mally treating nanoporous palladium particles to mimic the aging
process, and studying the evolution of the pore structure. Property
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changes averaged over samples can be obtained through bulk
techniques such as physisorption-based surface area measure-
ments and small-angle X-ray or neutron scattering, but these
techniques cannot resolve changes on the nanoscale pore level.
For higher-resolution analysis, (scanning) transmission electron
microscopy ((S)TEM) is usually used to analyze the atomic
structure and interfaces of nanoparticles. However, this only
provides two-dimensional (2-D) information for an intrinsically
three-dimensional (3-D) nanoscale material, and therefore limits
the structure—property understanding of these complex materi-
als. Three-dimensional imaging methods have been applied to
nanoporous gold by different authors who used various prepara-
tion conditions and thermal treatments,°” > revealing useful
information about pore evolution on pore and grain size scales
greater than that considered here.

Here we use electron tomography in the STEM™? to elucidate
the 3-D pore structure as a function of temperature with a res-
olution of ~1 nm.>**® The palladium particles were synthesized
as described previously,'" and three sets of particles were analyzed.
The first set was kept at room temperature as the control sample.
The other two sets of particles were respectively heated to 200
and 600 °C, kept at temperature for 30 min, cooled, and then
analyzed (we observe that rapid cooling after the heat treatment
locks the changed pore structure into place, which then allows for
the 3-D imaging to be performed at room temperature).

All experiments were carried out using a JEOL 2010F field
emission (S)TEM operating at 200 kV. Samples were heated
in situ using a Gatan 652 heating holder. The electron gun valve
was closed when possible to minimize electron beam effects on
the samples during heating. Tomography was performed using a
Fischione 2020 advanced tomography holder. While the tilt
range varied for each data set, they all covered ~130—140° of
tilt, with images taken every 1°. The images were aligned by cross
correlation and reconstructed by SIRT using the FEI Inspect 3D
software. Segmentation and visualization was performed using
Avizo Fire. Segmentation was performed semiautomatically
(with manual checking of each slice in all three directions for
each data set). Note that the reconstructions shown here display
information only on the pore structures, ie. there is no Pd
displayed.
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Figure 1. (a) One STEM image from the tilt series of particles with no
heat treatment (room temperature control sample); (b) ~1 nm thick
slice through the reconstruction; (c) reconstruction of the pore structure
of one particle showing that the pores are uniformly ~3 nm (also see
Movie 1 in Supporting Information [SI]); (d) ~S nm slice through the
reconstruction in (c) shows the regularity of the pore connections (also
see Movie 2 [SI]).

Figure 1a shows one high-angle annular dark field (HAADF)
STEM image from the tilt series of the room temperature sample.
The particles are all ~50 nm in diameter. The pores are found to
extend through the particles to the surfaces, as seen in the ~1 nm
thick slice through the reconstruction in Figure 1b. The bright
regions are Pd, and black regions are pores in these two images.
Figure 1c (and Movie 1 in SI) shows a 3-D reconstruction of the
pore structure of one particle, which has been isolated to display
the porosity more clearly. The pores are uniform throughout the
particle and ~3 nm in diameter. The pore regularity can be seen
more clearly in Figure 1d (and Movie 2 in SI), which displays a
~5 nm thick slice through the reconstruction of Figure 1c. The
blue regions in these images are the pores, and the green regions
are the exposed surfaces due to the slicing of the reconstruction.
Figure 2a shows one HAADF STEM image from the tilt series of
the particles heated to 200 °C. Pore evolution from the increased
temperature is not readily observed in this image, but is apparent
in the reconstructions. Figure 2b shows a ~1 nm slice through
the reconstruction. The pores still extend to the surfaces, but the
connections between the pores have changed. The most notable
effect is that junctions between pores swell into larger, rounder
3—S5 nm void spaces, while the rest of the pore becomes thinner.
One example of this is indicated by the arrow in Figure 2b. This is
seen again more clearly in Figure 2c (and Movie 3 in SI), which
shows the reconstruction of the pore structure of the two
particles, and in Figure 2d (and Movie 4 in SI), which shows a
~S5 nm thick slice cut through one of the reconstructed particle in
Figure 2c. The blue regions in these images are the pores, and the
purple regions are the exposed surfaces where the reconstruction
has been cut. We attribute the pore structure evolution to the
relatively high surface energies that exist at junctions. The
junctions contain corners that have high curvature and therefore

25 nm

Figure 2. (a) One STEM image from the tilt series of particles heated to
200 °C; (b) ~1 nm thick slice through the reconstruction showing that,
while pores still extend to surfaces, they start to swell at pore junctions
(see arrow) ; (c) reconstruction of the pore structure showing the pore
connections are larger (also see Movie 3 in SI); (d) ~5 nm slice through
the reconstruction in (c) shows the pore connections more clearly (also
see Movie 4 [SI]).

25 nm

Figure 3. (a) One STEM image from the tilt series of particles heated to
600 °C. (b) ~1 nm thick slice through the reconstruction showing that
the pores have now collapsed into bubbles (see arrow). (c) Reconstruc-
tion of the pore structure of one particle showing the bubbles more
clearly (also see Movie S in SI). (d) ~S nm slice through the
reconstruction of all three particles (also see Movie 6).

high surface energy. The large gradients in surface energy provide
a driving force for surface diffusion toward regions of lower
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Figure 4. HRTEM images (a,)b) and SAED patterns (c,d) comparing
particle structure at room temperature and when heat treated to 200 °C.

curvature.'” The corners become more rounded, and material is
redistributed along the surface, causing further variation in pore
diameter.

Figure 3a shows one HAADF STEM image from the tilt series
of the particles heated to 600 °C. Even after heating to this higher
temperature, pore structure evolution is still not apparent in the
STEM images. However, the ~1 nm thick slice of the recon-
struction in Figure 3b clearly shows that some of the pores have
now become S—10 nm internal bubbles (one example is high-
lighted by the arrow). This can also be seen in the 3-D
reconstruction of one particle in Figure 3c (and Movie § in SI),
and in the ~5 nm thick slice through the reconstruction in
Figure 3d (and Movie 6 in SI). Most of the pore space is gone,
and the overall pore volume is reduced. This volume reduction
suggests that the mechanism for pore evolution is different from
that at lower temperatures. When a long cylindrical pore con-
nected to the surface collapses under surface diffusion, it is
expected to first pinch off near the surface, similar to the behavior
of metallic nanowires that has been described theoretically'” and
experimentally.”® The resulting internal voids would evolve with
a constant volume, which is not observed. This suggests that a
bulk diffusion mechanism, such as that along grain boundaries, is
active at higher temperatures in addition to surface diffusion.

We observe some variation of the pore evolution between the
three adjacent particles heated to 600 °C. We believe that this is
due to sensitivity of the collapse mechanism to geometric details.
Rearrangement of one unstable feature can destabilize a neigh-
boring region, so the pore collapse mechanism can be expected to
be self-reinforcing, causing most of a particle’s pores to collapse
nearly all at once, and at different times from other particles.

To compare the different pore evolution mechanisms ob-
served in the tomography data, bright-field TEM and selected
area electron diffraction (SAED) patterns were used to analyze
particles at room temperature and particles heated to 200 and
300 °C. Images a and b of Figure 4 show before and after images
of particles heated to 200 °C. Their corresponding SAED
patterns in images ¢ and d of Figure 4, which sample a larger
number of particles, show some relative change indicated by the

Figure 5. HRTEM images (a,b) and SAED patterns (c,d) comparing
particle structure at room temperature and when heat treated to 300 °C.

slight increase in spots (decrease in the ring pattern) for the
particles heated to 200 °C. Powder X-ray diffraction on a 20-mg
scale sample (see SI) indicates an average grain size of 17 nm at
room temperature and 20 nm after heating at 200 °C, by Rietveld
analysis. From these observations, we believe that there is no
significant bulk diffusion mechanism that influences pore struc-
ture at these temperatures.

Figure 5 shows TEM images and SAED patterns of particles
before and after heating to 300 °C. The size of crystal grains is
observed to increase after heating to 300 °C, as evidenced by the
images and the relative increase in spots (and decrease of rings)
in the SAED patterns in ¢ and d of Figure S (which sample a
larger number of particles). A grain size of 32 nm is derived from
X-ray diffraction upon heating to 600 °C (see SI).

These two data sets (Figures 4 and S) illustrate that above
200 °C, grain growth becomes evident; therefore, transport of
atoms along grain boundaries can occur. These regions are
expected to have barriers to diffusion that are greater than that
of surface atoms, but lower than that of bulk atoms.>” Transport
at grain boundaries can allow growth of one grain at the expense
of another, or at the expense of a pore. Transport of atoms from
pore surfaces to grain boundaries, or the reverse, would cause
pores to change size, their overall orientation, or both.

STEM tomography is a unique tool capable of providing
reliable information on porosities in nanomaterials on the 1-nm
scale or larger. By studying Pd particles heat treated to different
temperatures in 3-D, we are able to ascertain that pore junctions
are where the collapse mechanism begins. We observe that
surface diffusion occurs first at lower temperature, where the
pore junctions start to swell. As the temperature continues to
increase, grains in the particles begin to coalesce, while surface
diffusion may continue. The combined processes provide a route
for the pores to meet and collapse into larger bubbles. In this
stage, grain boundary diffusion causes more drastic effects, which
can reorient entire pores. The collapse can be sensitive to
parameters such as pore size, grain size, grain orientation, and
their interrelationship. These observations suggest a route to
improve pore stability and higher temperature applications for
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future energy storage materials by changing the initial structure
to have more regular pores with the fewest junctions possible to
prevent premature pore collapse.

B ASSOCIATED CONTENT

©® Supporting Information. Powder X-ray diffraction data
are in Part 1. Movies 1—6 are 3-D animations of the tomograms
using the figures in this paper as a starting point. Movie 1 is a
reconstruction of the pore structure of only one particle from the
tilt series at room temperature, showing that the pores are
uniform and ~3 nm in diameter. Movie 2 is a ~5 nm slice
through the reconstruction in Movie 1, showing the uniformity of
the interconnections of pores at room temperature more clearly.
The blue regions are the pores, and the green regions are the
surfaces where the tomogram has been cut. Movie 3 is a
reconstruction of the pore structure of both particles from the
tilt series at 200 °C , showing that the pores swell at the junctions,
with the rest of the pore thinning out. Movie 4 is a ~5 nm slice
through the reconstruction in Movie 3, showing the swelling of
the pore junctions more clearly. The blue regions are the pores,
and the purple regions are the surfaces where the tomogram has
been cut. Movie S is a reconstruction of the pore structure of only
one particle from the tilt series at 600 °C, showing that the pores
have finally separated, leaving bubbles behind in the Pd (Pd not
shown). Movie 6 is a ~5 nm slice through all three particles at
600°C, showing the bubble formation more clearly in two of the
three particles. The blue regions are the pores, and the purple
regions are the surfaces where the tomogram has been cut. This
material is available free of charge via the Internet at http://pubs.
acs.org.
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