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Abstract

Controlled and reproducible synthesis of tailored materials is essential in many fields of
nanoscience. In order to control synthesis, there must be a fundamental understanding of
nanostructure evolution on the length scale of its features. Growth mechanisms are usually
inferred from methods such as (scanning) transmission electron microscopy ((S)TEM), where
nanostructures are characterized after growth is complete. Such post mortem analysis techniques
cannot provide the information essential to optimize the synthesis process, because they cannot
measure nanostructure development as it proceeds in real time. This is especially true in the
complex rheological fluids used in preparation of nanoporous materials. Here we show direct /n
situ observations of synthesis in a highly viscous lyotropic liquid crystal template on the nanoscale
using a fluid stage in the STEM. The nanoparticles nucleate and grow to ~5 nm particles, at which
point growth continues through the formation of connections with other nanoparticles around

the micelles to form clusters. Upon reaching a critical size (>10-15 nm), the clusters become
highly mobile in the template, displacing and trapping micelles within the growing structure to
form spherical, porous nanoparticles. The final products match those synthesized in the lab ex
situ. This ability to directly observe synthesis on the nanoscale in rheological fluids, such as
concentrated aqueous surfactants, provides an unprecedented understanding of the fundamental
steps of nanomaterial synthesis. This in turn allows for the synthesis of next generation materials
that can strongly impact important technologies such as organic photovoltaics, energy storage
devices, catalysis, and biomedical devices.
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Achieving precise and flexible control of nanostructure during synthesis is a paramount

goal in many fields of nanoscience because the properties of such materials are directly
determined by their nanoscale dimensions and morphology. This is certainly true in the
fields of energy storage and generation,:2 hydrogen storage,? catalysis,* semiconductors,®
magnetic materials,® water purification,” and biomedicine.8 The first step to finely
controlling the synthesis, and thus properties, of a material is having a means to observe,
measure and understand its growth mechanism in detail. Commonly, structures are grown
and then characterized using various techniques, including electron microscopy. Growth
models are then inferred based on those observations. However, these ex situ experimental
techniques are limited in the sense that they follow the evolution of the average structure

(or structure distribution, in the more detailed studies), but cannot observe the growth over
time of an individual particle or specific structure. Because of this, one can expect that
subtleties in the growth processes can be missed. To directly observe growth processes, an
in situnanoscale characterization method is necessary. Some insights have been gained from
in situ gas studies in electron microscopes,®-1! but most nanostructure synthesis methods are
performed in solution, or include a solution phase as one step of the process, so gas studies
alone are not representative of the conditions of most nanostructure syntheses.

In situliquid microscopy was initially developed to study copper electrodeposition from
aqueous media,}2-1 but has since expanded in application. /n situ experiments have been
performed to study the growth and motion of gold,16-18 |ead sulfide,1° and platinum?2°
nanoparticles in aqueous solutions, as well as the metallic nanoparticle interactions with
whole biological cells.21-23 However, no previous /in situ liquid studies have involved fluids
with complex rheology.

This study reports the first continuous /n situ characterization of nanostructures developed
during deposition within a phase-separated surfactant-solvent template. Characterization was
accomplished by growing the nanostructures within an /7 situ liquid specimen holder in a
(scanning) transmission electron microscope ((S)TEM) and observing the continuous growth
in real time.

The experimental system investigated here involved mesoporous palladium nanoparticles
with highly connected 2—-3 nm diameter pores, formed by reduction of aqueous Pd

salts within an organic lyotropic liquid crystal (LLC) surfactant template (Brij 56
surfactant).2425 Ex situ synthesis of these nanoparticles has been performed at Sandia
National Laboratories.24 Controlled growth using a LLC template has been a fruitful
process for synthesis of mesoporous platinum films,26 mesostructured porous silica,2”-28 and
mesostructured CdS or CdSe semiconductors.2? In this process, solid structures are grown in
the presence of a surfactant-solvent mixture that is phase separated on the nanoscale with a
high degree of order.24:25 In the studies reported here, reduction is induced by the electron
beam without or with a prior treatment with ascorbate, a chemical reducing agent. Previous

ACS Nano. Author manuscript; available in PMC 2023 February 23.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Parent et al.

Page 3

studies of these Pd nanoparticles indicate favorable hydrogen storage properties, but the pore
structure is not as ordered as the surfactant template.242> Ordered pores are expected to
provide more thermal stability to the nanostructure.2>30 In order to synthesize more uniform
mesoporous Pd structures using LLC surfactant templates, the synthesis growth mechanisms
must be understood.

The /n situliquid specimen holder for the STEM (JEOL JEM-2100F spherical aberration
corrected instrument at UC Davis) used in this study is currently commercially available
from Hummingbird Scientific. In these /n situ stages, liquid samples are enclosed between
two thin silicon nitride membranes, and growth within the sample is generally induced by
electron beam interactions. In our experiments the specimens were contained between two
50 nm thick silicon nitride membranes (on silicon supports) separated by 100 — 200 nm gold
spacers.

Results and Discussion

Three different experiments have been performed. The first was a control, in which Pd
nanoparticles were grown from an aqueous Pd salt within the liquid stage without the
presence of the surfactant template and with /n situ reduction provided by the STEM
e-beam. In the second experiment, the aqueous Pd salt was dispersed within the surfactant
template before the /n situ e-beam reduction, allowing a comparison of growth rates and
mechanism with and without the presence of the surfactant template. The final experiment
was designed to obtain insight into the nanostructure growth dynamics when Pd growth was
driven by chemical reduction with ascorbate. In this case, aqueous Pd salt and the surfactant
template were mixed in the liquid stage with sufficient ascorbate to reduce roughly half

of the Pd salt present. The liquid stage was set aside for sufficient time (2 hr) to exhaust

the ascorbate, then the sample was transferred into the STEM. This experiment did not
provide real time observation of growth during chemical reduction. However, the real

time observation of the motion of Pd particles caught after partial reduction did provide
information about the chemical reduction dynamics.

Figure 1 shows dark field (DF) STEM images over a 70 second interval of e-beam induced
reduction of the pure aqueous Pd salt solution, with a 10-second interval between images
(see also Supporting Movie 1). The e-beam was turned on just prior to the first image,
capturing the Pd growth with no prior seed particles or prior growth in the viewed area.

Initial growth from the aqueous Pd salt solution occurs by homogenous nucleation, where
small seed particles appear throughout the entire area of illumination (figure 1A). With
further reduction, nucleation of seed particles slows, while existing particles continue to
grow from solution in a flower like geometry (figure 1B). As growth from solution continues
by reduction of the Pd salts, nucleation stops, and growing particles begin to impinge and
flocculate, forming larger, multigrained Pd particles (figure 1C—E). Flocculation continues
as the particles keep growing from solution, until one large Pd particle is formed (figure 1F-
H). This movie has been analyzed for growth rate, and normalized to an electron dose of 1
e~/A2, as shown in figure 2A. Details of the Pd growth rate quantification and normalization
are given in the Supporting Information. The growth curve can be broken up into three
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distinct sections, and closely resembles the IMAK growth model (Johnson-Mehl-Avrami-
Kolmogorov).3! The growth rate (in area/second) during the second stage of growth (10-50
seconds) is ~1.3 times faster than the initial nucleation growth rate (0-10 seconds) and ~2.9
times faster than the final stage growth rate after nucleation has ceased and particles begin to
overlap in the z-dimension (50-120 seconds).

The chemical reactions occurring during e-beam induced reduction can be very complex,

as many different molecular species are generated from the interactions of the high-energy
electron beam with the sample. As the electrons travel through the sample, solvent bonds
are broken and highly reactive species are created. These include oxidizing species such as
HO- and H,0,, and reducing species such as He, H, and solvated electrons. These go on to
react with other species. Dissolved oxygen reacts with solvated electrons to form the reactive
oxidant O,~+.32:33 Chloride in Pt salt solutions resembling our Pd salt solutions can yield
Cl,+, an oxidant.3* 35 Some electrons will undergo sufficient scattering events to become
trapped within the sample as aqueous electrons, which are highly reactive reducers. The net
effect of all these e-beam interactions with the Pd salt leads to its reduction to Pd metal, the
same overall outcome as the chemical reduction with ascorbate used in gram-scale ex situ
synthesis. However, fewer types and lower quantities of oxidizing species are present in the
ascorbate reduction of the Pd salts, making the reaction less reversible: there is much less
likelihood for metallic Pd to oxidize back into solution, as compared to reduction induced
by e-beam interactions. Furthermore, the timescale of reduction is much faster in the e-beam
experiment, so the ascorbate reduction approach stays closer to equilibrium with regard to
concentration gradients of reactants and byproducts. These factors can lead to differences in
Pd particle nucleation and growth rates and geometries, Pd diffusion speeds, and molecular
species formed in the two different reduction mechanisms.

Heating effects from the e-beam interactions with the liquid and paste samples have been
found to be negligible for all /n situimaging conditions used (AT < 2°C at the highest
dose condition), and do not contribute to the probable differences between the reduction
mechanisms. Heating calculations for the /n s/itu imaging conditions used in this study are
provided in the supporting information, and also in the supporting information of Ref. 18.

Figure 3 shows the effects of the LLC template on Pd growth as observed in the STEM
liquid stage. Illustrated are the DF STEM images acquired over a 15-minute period of the
Pd salt/Brij 56 templated paste (Supporting Movie 2). Once again, the beam was turned on
just prior to the first image, capturing the growth process from the beginning without the
presence of prior growth.

Initial growth in the templated system proceeds in a very similar manner to the non-
templated system, where homogeneous nucleation of seed particles occurs over the entire
scanning area (figure 3A). After longer exposure (~45 seconds) to the scanning e-beam,
nucleation begins to slow and stop while existing particles continue to grow larger in
flower-like geometries by reduction of the Pd salts within the viewing area (figure 3B and
C). Starting in figure 3C, the filamentous micelles of the Brij 56 surfactant (not visible
here) begin to interfere with the continued growth of individual particles. As reduction
progresses, particles cease to grow larger individually, presumably due to the physical
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constraints of the template. Instead, additional growth is manifest through the development
of interparticle connections, forming a loose Pd network (figure 3D and E). As more
metallic Pd is produced by reduction of the Pd salts, the Pd network becomes denser and

the interparticle connections become thicker, trapping the micelles (red arrows in figure 3G)
within the growing Pd nanostructure (figure 3F and G). Eventually, a Pd film is grown by
the e-beam induced reduction that completely covers the scanned area (and is also limited to
the scanned area, figure 3H). The Pd appears bright whereas the pores appear dark due to the
Z-contrast nature of the DF STEM images. The trapped low Z-number micelles show almost
no intensity (dark regions) compared to the high Z-number metallic Pd (bright regions).

The Pd salt/Brij 56 templated growth movie (Supporting Movie 2) has been analyzed for
growth rate normalized to an electron dose of 1 e /A2, shown in figure 2B. Because (S)TEM
generates 2D projections of the sample and does not have directly explicit 3D information in
the images, quantification for comparison between templated and nontemplated systems has
been performed using area vs. time plots (figure 2). The overall growth rate in the Brij 56
templated system (starting at figure 3D, after nucleation has ended) is ~3,500 times slower
than the corresponding growth rate in the non-templated aqueous system (figure 2A, second
stage growth rate as comparison of interest). This result shows that the micelle template

not only limits the growth geometry of the Pd nanostructures, but also significantly limits
growth Kkinetics and diffusion rates. However, it is recognized that e-beam interactions with
the surfactant may have generated a wide variety of organic radicals that may also have
altered growth kinetics.

Figures 4, 5 and 6 probe differences in growth mechanisms between electron beam induced
reduction and chemical reduction of the Pd salts within the Brij 56 template. Partial
chemical reduction of the Pd salt/Brij 56 paste was carried out 2 hours prior to /n situ
STEM imaging. For this system, growth by ascorbate reduction is given time to occur,24
but the reduction of palladium is incomplete, limited by exhaustion of ascorbate. When this
system is imaged in the STEM, we are able to observe the resulting nanostructures from
chemical reduction at an intermediate stage between initial nucleation and the final product
of porous nanoparticles, and observe further growth of those particles induced primarily by
the e-beam.

Figure 4A is a DF STEM image of an early stage of growth within the partially ascorbate
reduced Pd salt/Brij 56 templated sample. Here, nucleation of the small (2-7 nm), spherical,
metallic Pd nanoparticles has occurred ex s/t by chemical reduction prior to STEM
imaging. Distribution of the particles is highly uniform and non-clustered, indicating that
nucleation by ascorbate reduction is homogeneous in character.

When these metallic Pd nanoparticles are subjected to the electron beam, no detectable
growth from solution occurs, possibly due to localized depletion of Pd salts. However, over
continued exposure (>30 seconds) to the scanning e-beam, migration and agglomeration of
nanoparticles occurred within the micelle template (Supporting Movie 3). In some cases
sintering and relaxation of agglomerated particles was observed, where oblong particles
rearrange into stable spherical morphologies, as shown in figure 4B—I over 70 seconds in
10-second intervals.
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This process was quantitatively analyzed to determine whether the observed process is
sintering and not merely rotation of an irregularly shaped particle. When agglomeration first
occurs, the oblong particle has an eccentricity of ~0.85 (highly elliptical), which steadily
decreases to a constant average eccentricity of ~0.4 (much more circular) after relaxation.
Figure 5 plots the major (black) and minor (red) axis lengths (diameters) over the relaxation
period. The major axis drops from an initial length of ~7 nm when the two particles first
touch to an average value of ~5.25 nm after relaxation. In a mirrored trend, the minor

axis length increases from an initial value of ~3.75 nm (approximate diameters of original
particles) to an average value of ~4.75 nm. The minor axis length increases over the same
time scale that major axis length decreases and plateaus at a very similar final diameter.
This behavior is consistent with particle sintering by surface diffusion and inconsistent with
rotation of an irregularly shaped particle. For these two nanoparticles, the relaxation time is
~35 seconds.

Figure 6A shows a region of the partially ascorbate-reduced, templated sample captured at
a more advanced stage of growth, in comparison to figure 4A. At this stage of chemical
reduction, larger clusters of metallic Pd (10-25 nm) have formed and there are no isolated
sub-5nm particles remaining. The structure of these Pd clusters is quite similar to the
interconnected network structure formed by reduction only as induced by the e-beam in the
presence of Brij 56 (figure 3G), where micelles have become trapped within the structure of
the growing clusters.

When the Pd clusters from figure 6A were illuminated by the scanning e-beam for more than
150 seconds, additional growth processes were observed (Supporting Movie 4). Figure 6B-I
shows a series of DF STEM images of this region over a 160 second period, after the initial
~3 minute exposure to the scanning beam with no activity. Initially the various clusters move
in slight fluctuations quite independently of the other clusters (figure 6B and C). Although
no growth from solution is taking place, small clusters of porous Pd from adjacent areas
diffuse into view and connect with the Pd clusters in the center of the view area (figure
6D-1). Orange arrows indicate the paths of the migrating Pd clusters, and colored circles
highlight positions of individual clusters in each frame.

It appears that clusters above ~10 nm in diameter become highly mobile within the
surfactant template (Supporting Information, Supporting Table 1). The average migration
speed for 10-25 nm diameter Pd clusters in Supporting Movie 4 is ~0.6 nm/s, with some
clusters traveling distances of 60 nm or more (the fastest-moving cluster, highlighted with

a yellow circle in figure 6, travels at ~1.1 nm/s and is ~15-18 nm in size). Presumably,

these migrating Pd clusters are large enough in mass and volume to disrupt the micelle array
and diffuse with little resistance through the surfactant template (which the small spherical
nanoparticles are unable to do). These migrating clusters connect with other impinging
clusters, forming networks that rearrange into larger Pd nanoparticles with micelles trapped
within. When Pd salt/templated samples are completely reduced by ascorbate prior to STEM
imaging in the liquid stage, spherical nanoparticles with trapped micelles are observed
(figure 7), which are very similar to nanoparticles grown ex sit in gram-scale batches.24
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Combining the results obtained from purely e-beam induced reduction with those from
partial ascorbate chemical reduction, a Pd growth model within the Brij 56 template

has been created, and is shown in figure 8. In both reduction mechanisms (chemical

and e-beam), homogeneous nucleation of small (~2-5 nm) spherical Pd particles occurs

in the aqueous phase (figure 8A). Particles continue to grow from solution and through
coalescence or sintering events until continued growth (~7-10 nm) is restricted by the size
constraint of the micelle template (figure 8B). At this stage, the growing particles might
begin to disrupt and disorder the micelle array. The micelle template inhibits continued
spheroidal growth of the particles, and growth proceeds by the formation of interparticle
connections or networks around the micelles (figure 8C). These loose Pd networks continue
to grow from solution, forming dense clusters, with trapped micelles within (figure 8D). The
Pd clusters are above 10 nm in diameter here, becoming more mobile within the template,
which allows these clusters to aggregate and form larger Pd particles with disordered pore
structures (trapped micelles).

Conclusion

Methods

Using a combination of electron beam induced reduction and ascorbate chemical reduction,
we have observed various Pd growth stages within the Brij 56 template in a fluid stage in
the TEM. Initially, small Pd particles (~2—7 nm) nucleate, agglomerate, and sinter. Motion
of the small particles is restricted by the micelles, and transport of the Pd salts is slow,
possibly because the micelles inhibit diffusion within the aqueous phase. However, once
the small particles form clusters that reach the size of 10-15 nm, they become mobile
within the template and are able to break through the micelle array, aggregate, and trap
micelles in the process. This disruption of the micelle array during cluster migration and
aggregation may be a contributing mechanism to pore disorder in ascorbate-reduced Pd. This
could be remedied by reinforcing or crosslinking the micelles, or by inhibiting transport

of growing Pd particles but not the precursors. Ultimately, the Pd clusters agglomerate and
form nanoparticles with disordered pores.

More broadly, we have shown that an /n situ liquid stage in the STEM can be used to
directly observe the fundamental synthesis processes and help understand the transport

of reactants and products and their interaction with a liquid crystal template, all at

the nanoscale. This capability has implications for other fields of nanoscience where
controlling the synthesis is critical for material performance, such as self assembly of block
copolymers, biomineralization, and nanostructure control during the synthesis of magnetic
or semiconductor materials, energy storage/generation materials, catalysts or drug delivery
vehicles.

Specimen Loading

To load the Pd salt solution into the /n situ liquid stage, 0.5 pL of 272 mM aqueous
potassium tetrachloropalladate was dropped into the specimen cup of the holder using a
micropipette. To load the mesophase Pd salt/Brij 56 paste (prepared according to24) in the in
Ssitu stage, two clean silicon nitride chips were placed on a clean lab bench (on Kimwipes),
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one with nitride membrane up, and the other with nitride membrane down. A small amount
of Pd paste, just enough to coat the tip of a bamboo splint, was smeared onto the chip

with nitride membrane facing up using a bamboo splint, being very careful not to break

the fragile nitride membrane in the center of the chip. The nitride chip sandwich was then
placed on a flat steel rod previously heated in a water bath to 50-60° C. After 5-10 seconds
on the warm rod, the nitride chip sandwich was picked up with Teflon tweezers and quickly
set into the tip region of the /n situ liquid stage. The /n situ stage was then loaded into

the JEOL JEM-2100F/Cs STEM. For the Pd paste/ascorbate mixture (chemically reduced
samples), the same loading procedure detailed above was followed, with one alteration.
Before smearing the sample onto on of the silicon chips, a small amount of Pd paste and
ascorbate were mixed together using two bamboo splints (2:1 ratio for partially reduced
sample and 1:1.25 for completely reduced sample). This Pd paste/ascorbate mixture was
then smeared on the nitride chip, sandwiched, heated and enclosed in the tip of the liquid
stage. After waiting two hours, the stage was loaded into the JEOL 2100F.

All in situ characterization was performed on a Cs-corrected JEOL JEM-2100F running
GATAN DigitalMicrograph in STEM mode. The corrector was aligned using a Ptlr standard
sample to obtain atomic resolution, giving a STEM probe that was below 2.3 angstrom. The
microscope was operated at 200kV, acquiring 512 x 512 pixel images with a 3 ps dwell
time, using an average current density of 50 pA. Both bright field and high angle annular
dark field detectors were used simultaneously. All movies were acquired at the corners of the
nitride windows, where minimal window bulging occurs and sample thickness is expected
to be similar to spacer height (100 — 200 nm). The screen capture software CamStudio

was used to acquire live video of the DigitalMicrograph scanning images using a capture
rate of 1 or 2 frames per second. All STEM images presented (with exception of figure

7, which is a 1024 x 1024 acquired image with 10 psecond dwell time) are screen shots
from the CamStudio movies. The full movie files are available online at http://pubs.acs.org
(Supporting Movies 1-4). All image analysis and quantification has been performed using
MATLAB routines on the unedited .avi movie files generated by CamsStudio.

For supporting movies 1 and 2, the area of interest was found by searching at low
magnification (x20k) near the corners of the windows until we found regions where particle
nucleation and growth occurred. The growing structures or particles were focused, and

the magnification was increased to the desired magnification for acquiring the movies to
adequately resolve the particles and the structure morphology (x200k for supporting movie
1 and x400k for supporting movie 2). The beam was then turned off, and the specimen

was moved (blindly) far enough (~1-3 pm) so that when the beam was turned on, the scan
area had not previously been illuminated by the e-beam. This was repeated until the sample
was moved an appropriate distance with the beam off so that the area had no prior e-beam
illumination, and the nucleating particles were already in focus. Minor adjustments to focus
were made while acquiring the movies as needed.

For supporting movies 3 and 4 (different areas within the same sample), the area of interest
was found by searching at low magnification (x20k — x50K) first, then at slightly higher
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magnification (x100k — x500k). In both movies, the area of interest was chosen due to the
particular size, distribution, and morphology of the particles found in that region of the
sample while searching. The focus was adjusted once the area of interest was found and was
tuned further during video acquisition at higher magnification.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.
DF STEM images of metallic Pd growth by e-beam induced reduction of aqueous Pd-salt

solution. 70-second total growth period with 10-second intervals between images. All
images are at x200k magnification.

ACS Nano. Author manuscript; available in PMC 2023 February 23.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Parent et al.

A 025

o
o

Normalized Area (pmz)
o

0.05¢

o
=i
4]

Page 12

25 50 5 100 0
Time (seconds)

Figure 2.
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Normalized growth area vs. time plots for two different Pd synthesis conditions. (A)
Metallic Pd growth in non-templated aqueous Pd salt solution (Figure 1, starting at Figure
1A over 120 seconds). (B) Metallic Pd growth in Pd salt/Brij 56 surfactant templated paste
(Figure 3, starting at Figure 3D over 430 seconds). Area is normalized to 1 e /A2 dose in

both plots for direct comparison.
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Figure 3.
DF STEM images of metallic Pd nanostructure growth by e-beam induced reduction of

Pd salts within the Brij 56 organic surfactant template. 15 minute total growth period.

Red arrows in G indicate areas of thinner Pd, presumably due to trapped micelles. Images
A-C are at 45-second intervals, C-G are at 3-minute intervals, and G-H is at a 90-second
interval. A-C and H are at x400k magnification, and D-G are at x800k magnification. The
white rectangle of porous Pd in H shows the volume where growth was induced at x800k
magnification.
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Figure 4.
(A) DF STEM image from partially ascorbate reduced Pd salt/Brij 56 paste showing uniform

distribution of 2—-7 nm spherical Pd nanoparticles, x1.5M magnification. (B-I) DF STEM
images of nanoparticle sintering event (enclosed in orange box in B) over 70 seconds, in
10-second intervals (same region as A, as indicated by purple square), xX5M magnification.
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Figureb.
Plot of major (black) and minor (red) axis diameters over 175 seconds during Pd

nanoparticle sintering event (figure 4, starting at figure 4B).
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Figure®6.
(A) DF STEM image from partially ascorbate reduced Pd salt/Brij 56 paste showing

clusters and loose networks of Pd, x1.2M magnification. (B-I) DF STEM images of
cluster migration and agglomeration over 160 second time period (same region as A), x2M
magnification. Individual clusters are circled to track motion over time (each migrating
cluster given a different color: red, blue, yellow, and green). Orange arrows indicate path
of migrating clusters from outside the field of view into the viewing area. Figures B—C are
separated by a 40-second interval, while C~I are separated by 20-second intervals.
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Figure7.
DF STEM image of one spherical Pd nanoparticle with trapped micelles grown by

complete ascorbate reduction in the TEM liquid stage outside of the microscope at ambient
conditions, and imaged in the liquid stage at x2M magnification after reduction (~24 hours
after starting chemical reduction).
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Figure8.
(A-D) Schematic of metallic Pd growth model within the Brij 56 micelle template based

upon the results from movies 2—-4. Micelle tubules, which extend out of the plane of the
figure, are represented as the blue/black circles. The metallic palladium is represented as the
brown regions, and the aqueous phase is the background.
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