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ABSTRACT: Formation mechanisms of dendrite structures
have been extensively explored theoretically, and many
theoretical predictions have been validated for micro- or
macroscale dendrites. However, it is challenging to determine
whether classical dendrite growth theories are applicable at
the nanoscale due to the lack of detailed information on the
nanodendrite growth dynamics. Here, we study iron oxide
nanodendrite formation using liquid cell transmission electron
microscopy (TEM). We observe “seaweed”-like iron oxide
nanodendrites growing predominantly in two dimensions on
the membrane of a liquid cell. By tracking the trajectories of their morphology development with high spatial and temporal
resolution, it is possible to explore the relationship between the tip curvature and growth rate, tip splitting mechanisms, and the
effects of precursor diffusion and depletion on the morphology evolution. We show that the growth of iron oxide nanodendrites
is remarkably consistent with the existing theoretical predictions on dendritic morphology evolution during growth, despite
occurring at the nanoscale.

KEYWORDS: Liquid cell TEM, in situ TEM, nanodendrite, dendrite theories, “seaweed” growth, tip splitting
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M aterials with dendritic morphology are found widely in morphology and enhance their properties. Extensive studies
nature (such as snowflakes, coral reefs, seaweed, and can be found on micro- and macroscale dendritic structures,
trees), and artificial dendritic structures across a wide range of
length scales can be synthesized through solidification of
metals and alloys, biomineralization, polymerization, and
colloidal chemical synthesis." There has been significant recent theory of Mullins and Sekerka

interest in nanoscale dendrites due to their potential

and their growth mechanisms have been explored using
theoretical approaches with high fidelity. For example, the
1516 establishes that instabilities
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Figure 1. Growth of iron oxide dendritic nanostructures, “seaweed”, observed using liquid cell TEM. (a) Schematic of liquid cell setup with the iron
oxide “seaweed” nanostructures growing on the silicon nitride membrane. (b) Sequential images from an in situ TEM movie showing the growth of
iron oxide “seaweed” nanostructures. (c) Outlines of the iron oxide nanostructures from each frame and overlaid on each other. Color shows time
sequence with blue as the initial time and red as the later time. (d) HAADF STEM image and the corresponding EDS elemental maps of the iron

oxide “seaweed” nanostructure after drying the sample.

along the interface of growing materials initiate dendritic
growth due to competition between mass transport at solid—
liquid interfaces and surface tension.'” This theory can be used
to describe many systems where the growth medium is initially
homogeneous, and the evolution of local fluctuations leads to
formation of dendrites. Microscopic solvability theory of the
steady-state dendrite growth'®™*' reveals that the anisotropy of
growing crystals determines the growth rate and tip radius of
dendrites, even though their growth directions are not limited
to a discrete set of crystallographic directions.” If there is no
crystallographic anisotropy in the growth kinetics or interfacial
energy, the structures exhibit tip splitting resulting in
“seaweed”-like fractal patterns.”> The dendrite growth and tip
splitting with respect to instabilities'>~'"** predicted by theory
have been largely validated for micro- and macroscale
structures using phase-field simulations,”>*° molecular
dynamics (MD),”'~** and other computational methods.***
However, whether these theoretical predictions are applicable
to nanodendrite growth is unknown. Some unique phenomena
present at the nanoscale may be neglected by classical dendrite
growth theories. For example, large stress induced by surface
or interfaces has been found in the nanoparticle growth.”
Testing the applicability of classical dendrite theories at the
nanoscale is challenging due to the difficulties in tracing the
fine details of nanodendrite development.

Recent advances in liquid cell transmission electron
microscopy (TEM) provide the opportunity to test the
dendrite growth theories in the nanoregime. Liquid cell
TEM has been used to study various dynamic phenomena in
liquids and at solid—liquid interfaces including colloidal
nanocrystal growth,*™* etching,**~*® electrochemical depo-
sition,"’™* and the growth of branched nanostructures such as
Pd,” Pb,”° and Au’'"? Although the growth of nanoscale
dendrites has been observed previously,”*°~* tracking the
complex fractal nanostructure formation in liquids with high
spatial and temporal resolution allowing for testing of the
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dendrite theories has not been achieved so far. Here, we study
iron oxide nanodendrite growth using liquid cell TEM with
fine control of the growth conditions, advanced data collection,
and image analysis. Through detailed analyses of the
nanodendrite growth trajectories within the context of dendrite
theories, we elucidate the growth mechanisms of nano-
dendrites and verify the applicability of these theories at the
nanoscale.

We select iron oxide as a model system for dendrite
formation due to its numerous applications in catalysis’**> and
biological imaging.*® Real time imaging of the growth of iron
oxide nanodendrites formation is achieved with high spatial
(1.5 A information limit) and temporal (400 frames per
second) resolution (see Methods in the Supporting Informa-
tion). Tracking nanodendrite growth and tip splitting
trajectories reveal the relationship between tip curvature and
growth rate, tip splitting mechanisms, and the effects of
precursor diffusion/depletion on the morphology evolution.
The growth of iron oxide nanodendrites in a liquid cell is
found to be remarkably consistent with the theoretical
predictions on the “seaweed” growth and presence of tip
splitting with respect to instabilities.

Using liquid cell TEM, we image the formation of iron oxide
nanodendrite structures in real time. These structures grow
from a solution of iron nitrate dissolved in a mixture of
oleylamine, oleic acid, and benzyl ether. Initially, a burst of
nanoclusters is observed under electron beam illumination,
which is similar to the previously reported nanoparticle
formation through oleylamine-promoted electron beam
reduction.”’ =" Here, the concentration of metal (iron) ions
in the growth solution is about 10 times higher than those for
regular colloidal nanoparticle growth in a liquid cell.””** We
find the nanoclusters grow to 4—6 nm in diameter and they
subsequently develop into nanodendrites due to oversaturation
induced instabilities. The growth of nanodendrites is mainly
two-dimensional on the silicon nitride membrane window with
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Figure 2. Growth rate of the “seaweed” branches correlated to the curvature of their tips. (a) Sequential images showing the growing “seaweed”.
The distance from a reference point to the tip and the local curvature of tip were measured. Note that each tip had no competition for precursor
and no tip splitting occurred. (b) Logarithm plot of the growth rate vs radius of curvature (p) of the tip. Colors correspond to tips in part a, and
circles are for linear regions of the growth trajectory while squares are averages over all the frames. The slope of the linear fit is —1.1.

the approximately similar thickness of 4—6 nm as the
nanoclusters (without obvious changes in the image contrast).
Growth in the vertical direction has also been identified for
some branches (Figure SS and Movie S1), however, the
vertical growth is limited likely due to the precursor depletion/
diffusion associated with the thin liquid inside the liquid cell.
The liquid thickness varies in the liquid cell during imaging
(thinner than the original 100 nm liquid film during liquid
loading). In order to achieve high resolution imaging thinner
liquid (e.g,, 20—50 nm) is preferred, which can be obtained
under strong electron beam illumination (see details on liquid
loading, imaging and electron dose rate in Methods). We
describe the nanodendrite patterns as “seaweed” nanostruc-
tures,”>° of which each dendritic branch does not have well-
defined growth direction. We also find the presence of
nanobubbles in the liquid influences the fine details of the
“seaweed” morphology development (Figure S6); thus bubbles
are avoided in this study.

The fractal morphology development of the “seaweed”
nanostructure is shown in Figure 1b (also see Movie S2). We
trace the contour of the nanostructure during growth using a
MATLAB program developed by us (see details in Supporting
Information). Figure lc shows the growth trajectories, where
the color gradient from blue to red represents the time lapse
from the beginning to the end. The fractal dimensions (D) are
calculated to be in the range from 1.8 to 1.9 (see the fractal
dimension calculation in Supporting Information), which is
close to the value of 1.71 predicted by simulation of diffusion-
limited aggregation (DLA) for two-dimensional growth.” The
observed fine details of the “seaweed” nanostructures are also
consistent with the predictions of fractal seaweed and compact
seaweed structures, as shown in the Brener’s morphology
diagram.”’

The pattern formation from a homogeneous liquid solution
generally results from the competition between two dominant
factors. One is the capillarity or interfacial energy, which tends
to stabilize the solid—liquid interface morphology. For
instance, the isotropic surface energy leads to the formation
of a sphere. The other factor is diffusion, which drives an
interfacial instability.”" Since surface energy governs during
growth at the nanoscale, one would expect to achieve the
morphology determined by surface energy minimization (i.e.,
Waulff shape), and thus nanoparticles. However, the “seaweed”
or dendrite morphology can be obtained when supersaturation
is sufficiently large. Specifically, the classical Mullins and
Sekerka analysis of a growing spherical particle indicates that
the particle is unstable when its radius is seven times the
critical radius for nucleation.'® We observe morphological
instabilities of domains on the order of 5 nm, so the critical
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radius for nucleation is very small, likely a result of a large
supersaturation (see Supporting Information).

After the in situ imaging, the liquid cell sample is dried at
room temperature and opened to perform elemental analysis.
Energy dispersive X-ray spectroscopy (EDS) elemental maps
reveal that the nanodendrite arms are composed of iron and
oxygen (Figure 1d). The more ambiguous distribution of
oxygen is due to oxygen being present in the solvent mixture. It
is also noted that the as-grown “seaweed” nanostructure is
amorphous and it transforms into crystalline Fe,O; and Fe;0,
under the prolonged electron beam illumination (Figure S7).
This suggests that the amorphous structure results from the
fast growth kinetics.”” Choosing an amorphous material in this
study eliminates the crystalline anisotropy when relating to
dendrite growth theories.

In order to study the correlation between the tip curvature
and growth rate, we first determine the factors that control the
growth of a single tip in an environment unencumbered by
other dendritic branches. The dendrite shown in Figure 2a
exhibits six distinctive tips growing outward from the center
with enough separation between tips such that influence from
the neighboring branches is minimized. In addition, none of
the tips split in the duration of time being analyzed. We
measure the growth rate of a tip with the assumption that the
tip grows approximately unidimensionally, which is an
accepted method for measuring dendritic growth.'”*® The
distance between each tip and a point normal to the growth
direction of the tip is measured for each frame of the image
sequences in the movie. The logarithm of growth rate of each
dendritic tip as a function of the logarithm of the radius of
curvature (p) is plotted, as shown in Figure 2b, where radius of
curvature is the radius of a circle fit to the tip. We find that
sharper tip curvature is correlated with faster growth.

The observed relationship between the tip curvature and
growth rate is consistent with a diffusion controlled dendritic
growth model.'”**** As expected, the tips with higher
curvature exhibit faster growth rates since the larger the
curvature, the higher the concentration gradient at the tip.'” A
few factors have been considered for the tip growth of these
“seaweed” nanostructures. First, diffusion in a thin liquid layer
inside a liquid cell is several orders of magnitude slower than
those in bulk liquids.”® Second, the tip curvature of these
nanoscale dendrites is extremely high compared to bulk
dendrites. Finally, the oversaturation of the precursor solution
plays an important role. Although there is an interplay between
these different factors during tip growth, the observed trend of
tip growth as a function of tip curvature suggests that the
energy barrier for the monomer addition is insignificant
compared to the barrier for monomer diffusion into the tip
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Figure 3. Tip splitting process. (a) Sequential images showing a tip splits into two equivalent new tips growing into two branches. (b) Outlines of
the splitting tip in part a. The original single tip (blue) widens and grows on the corners of the flattened top (red). (c) Measured curvature at the
center and edges of the tip during the splitting process. Initially, the tip has the greatest curvature at the center and then it becomes flat with the
edges of the tip developing high curvature. (d) Schematic showing the tip splitting process.

front. The relationship between the tip curvature and growth
rate is linear, as predicted by Ivanstov in 1947°° (Figure 2b).

The growing tips are morphologically unstable. Branching of
the growing “seaweed” structure, or tip splitting, controls the
fractal morphology. A representative example of a splitting tip
is shown in Figure 3a, in which a single growing tip bifurcates
into two new tips and each continues to grow. The outlines of
the tip show the splitting process, where the color gradient
from blue to red represents the time lapse (Figure 3b). It is
clear that the initially sharp tip undergoes flattening and
widening before splitting into two distinct tips. The curvature
changes during the tip splitting process are measured. As the
initial tip widens, the curvature at the center of the tip
decreases and the curvature at the sides increases (Figure 3c).
We consider the initial widening of a growing tip results from
fluctuations during growth. Since the sharper curvature grows
faster, the faster growth at the edges of the tip leads to two new
tips (see the schematic in Figure 3d).

This observed tip splitting process can be explained by the
established analytical models describing dendrite tip splitting
with respect to instabilities.> ™7 According to these models,
a dendrite tip splits when the tip radius becomes larger than
the shortest wavelength of morphological instability.'> The tip
widening and splitting have been demonstrated experimentally
and computationally on the micrometer scale.”” Dendritic
growth on the micrometer scale leads to asymmetric growth
associated with the crystalline anisotropy.”” In contrast,
although the nanoscale dendrite structures exhibit no
crystalline anisotropy (it is amorphous), it also demonstrates
the asymmetric growth during which one of the two new tips
grows faster and soon becomes dominant. Therefore, the tip-
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splitting and tip growth behavior we have observed here shows
that the established models for tip splitting are applicable at the
nanoscale.

Since the growth is diffusion limited, the competition for
precursor may strongly influence the “seaweed” morphology.
For example, Figure 4a shows a time series of the development
of four tips. As the growth progresses, two tips grow and split
while the other two tips stop growing and remain as a single
tip. The discontinuation of tip growth is independent of the tip
curvature. We hypothesize that the growing tips compete for
precursor, thus a growing tip impacts the growth of a
neighboring tip in close proximity.

To test the above hypothesis, we examine three tips with
different configurations of neighbors during the “seaweed”
development. As highlighted in Figure 4b, they are marked as
the blue, green, and red dots on the growing “seaweed”
structure. Along the growth trajectories of each tip, the growth
rate varies and the surrounding dendrite density also changes.
The dendrite density around a tip is measured by the area ratio
occupied by the dendritic branches within the disc of a given
radius around the tip. By varying the disc radius, different
values of dendrite density (average solid density within the
disc) can be achieved. Therefore, at each point on the growth
trajectory the tip has a growth rate, which is correlated to
different values of the average solid density depending on the
calculated disc sizes. We plot the growth rate of the tip as a
function of the average solid density and disc size (the distance
to the tip within 0—30 nm) during the “seaweed” development
(Figure 4c). The growth rate variations are reflected by the
different color of the plot.
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Figure 4. Effect of neighboring branches competing for precursor on growth rate of tips. (a) Sequential images of growing “seaweed” with four tips.
Initially, the tips are approximately equivalent in all respects except local density of iron oxide structures. After two seconds, two tips have
completely stopped growing (highlighted in white arrows) while the other two tips (highlighted in yellow arrows) have significant growth and even
undergone further tip splitting events. (b) The “seaweed” nanostructure at different stages of growth with three tips highlighted in different
neighboring environments. (c) Comparing tip growth rate under different “seaweed” density at different distances from the tip. Densities at small
and large distances from the tip show less correlation to the growth rate of the tip. However, the density at an average intermediate distance of
about 10—12 nm has a strong dependence on the growth rate, which we term the precursor diffusion zone. The growth rates compared with
densities at their distance of strongest dependence is shown for each tip. The radius of the rings in part b are the same distances.

From Figure 4c, the correlation between the growth rate and
average solid density at a certain disc size during the “seaweed”
growth can be obtained. We find a similar trend for most
calculated disc sizes that as the average solid density increases
the growth rate of the tip decreases and the tip stops growing
when the average solid density increases significantly. At the
critical disc distance (disc radius r, = 10—12 nm), the strongest
correlation between the growth rate of the tip and the average
solid density is achieved such that the changes of the average
solid density induce the largest variations of the growth rate.
(also see Figure S8) Above or below the critical distance (r,),
correlation between the average solid density and growth rate
is lower although the trend (an increase of the average solid
density results in lower growth rate) maintains for most disc
sizes. These results suggest that the critical distance
corresponds to the precursor diffusion zone around the tip.
Within the diffusion zone, all growing dendrites compete for
precursor. Therefore, an increase of the dendrite density
reduces the chance of precursor reaching the tip thus slowing
down the tip growth. The growth rate variations can be more
drastic when it is close to the critical distance since larger
variations of the average solid density are achieved. Dendrites
beyond the diffusion zone has little impact on the growth rate
of the tip, thus the correlation between the growth rate and the
average solid density decreases when the disc radius is larger
than the critical radius. It is noted that in the above analyses
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the average solid density may deviate from the actual growing
dendritic branches competing for precursor, however, the
growing front of the “seaweed” has similar characteristics for
different tips and thus the analysis still stands.

During the two-dimensional growth of “seaweed” nano-
structures, the precursor very close to the “seaweed” is
depleted and little replenishment of the precursor from the
bulk solution occurs. This is evident because, as the structure
grows outward, only the tips furthest from the branching point
grow. This is reasonable that the growing tips deplete their
local environment of precursor, causing the further growth of
the tip to occur only by reaching out in the bulk solution where
the precursor can be replenished more rapidly and maintained
at higher concentrations.

In summary, the tips with crowded neighbors, i.e,, those that
are not at the growing front, slow down or completely stop
growing as the local precursor is depleted. Within the
environment with the presence of precursor, a tip may split
and the newly formed tips now compete for precursor. The tip
with a sharper curvature grows faster and may become the
dominant growing tip, as discussed in the previous section of
this paper. Therefore, the combination of precursor depletion/
diffusion, curvature dependent growth rate, and tip splitting
controls the “seaweed” fractal morphology development. In the
growth regime where different tips compete for precursor, the
anisotropy of the tip growth is determined by both the growth
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Figure 5. Sequential images show the formation of “spherulite” nanostructure from multiple seeds with close distance. The branches are densely

packed with significantly fewer tip splitting events during growth.

rate and the tip radius, which is consistent with the theoretical
predictions based on tip splitting with respect to instabil-
ities 1571724

The effects of neighboring structures on the morphology
development of nanodendrites due to different branches
competing for precursor are also reflected in the growth of
“spherulite”®® nanostructure. We show the growth of iron
oxide nanostructures when multiple seeds are in close distance.
Sequential images display multiple seeds developing into
“spherulite” nanostructure (Figure S; also see Movie SS). Each
seed growing into one or a few branches with significantly
fewer tip splitting events, reminiscent of the structures seen
during directional solidification where interactions between
neighboring grains are very strong. In this case, branches in the
“spherulite” structure are long and densely packed, which
implies neighboring branches competing for precursor akin to
the neighboring effects during the growth of “seaweed”
structure.

In summary, we have been able to trace the fractal
morphology development of iron oxide nanodendrites (“sea-
weed” nanostructures) using liquid cell TEM with high spatial
and temporal resolution, which allows the direct comparison of
the morphology evolution predicted by the classical theories
and the experiments. The growth of the nanodendrites and tip
splitting are determined by the growth rate and tip curvature,
which is consistent with the dendrite theories on tip splitting
with respect to instabilities. We have also found that the
neighboring dendrites at close distances influence tip growth,
and neighboring dendrites within a critical distance of 10—12
nm, which corresponds to a precursor diffusion zone, have the
strongest effect on the tip growth. When multiple branches
grown from different seeds grow side-by-side, each growing tip
has significantly fewer tip splitting events and they develop into
a “spherulite” nanostructure. This work opens many
opportunities to explore the development of various
nanostructures with fractal morphology in the context of
classical dendrite theories. Validation of the dendrite growth
theories at the nanoscale shed light on rational design and
synthesis of nanostructured materials with complex fractal
morphologies.
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The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.nano-
lett.8b02819.

Experimental and image analysis methods, additional
figures, and details of the movies of iron oxide “seaweed”
structures (PDF)

Movie S1, growth of iron oxide nanodendrite “seaweed”
nanostructure (AVI)

Movie S2, growth of unencumbered iron oxide “sea-
weed” nanostructure (AVI)
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Movie S3, growth of another unencumbered iron oxide
“seaweed” nanostructure (AVI)

Movie S4, growth of iron oxide “seaweed” nanostructure
(AVI)

Movie SS, growth of iron oxide nanodendrite “spher-
ulite” nanostructure (AVI)
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