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Branched nanostructures have attracted significant attention due to their

potential applications across diverse fields. Precise control over branched
morphology is essential for enhancing their functionality, yet it remains a
considerable challenge. In this work, in-situ liquid-cell transmission electron
microscopy (LCTEM) is employed to investigate the controllable growth of
seaweed-like iron oxide branches in the presence of charged gold nano-
particles (Au NPs) within an organic solution. In contrast to the conventional
tip-splitting behavior observed in the absence of Au NPs, the branches exhibit
directional and accelerated growth toward the Au NPs without further split-

M Check for updates

ting. Finite-element analysis reveals that the local electric field between the
charged Au NPs and the branches promotes reactant aggregation at the
branch tips, thereby driving their directional and accelerated growth. This
study provides insights into the growth mechanisms of seaweed-like nanos-
tructures and highlights the potential of local electric fields for morphological
control of branched structures.

Branched nanostructures have attracted increasing attention due to
their distinctive structural feature and have found widespread appli-
cations in various fields'™, including catalysis, energy storage, envir-
onmental protection, and sustainable remediation, etc. The functional
properties of branched structures are largely influenced by their
structural characteristics*™ such as morphology, fractal dimension,
and specific surface area. Consequently, precise control over the
morphology of branched structures is essential for optimizing their
performance in various applications.

Extensive efforts have been made to regulate the growth of
branched structures by tuning growth parameters and applying
external fields’ 2. For example, modulation of precursor concentration
can improve the control over fractal dimensions and surface areas of
dendrites, thereby enhancing their effectiveness in water filtration and
electrocatalytic applications'®". The application of an electric field can

guide the lateral growth of metal branches, representing a significant
advancement towards safer battery technologies. Despite these
advances, the fundamental mechanisms governing branched structure
growth at the nanoscale remain insufficiently understood, thereby
limiting the rational design and synthesis of desired nanostructures.
The mechanisms governing branched morphology and growth
dynamics have been extensively investigated through theoretical
approaches. The morphological instability theory raised by Mullins
and Sekerka attributes branched nanostructures growth to interfacial
instabilities” ", whereas the microscopic solvability theory empha-
sizes that crystal anisotropy determines the growth rate and tip
morphology'®®. If there is little or no anisotropy in the growth kinetics
or interfacial energy, branches tend to undergo continuous tip split-
ting, ultimately evolving into a seaweed morphology”. The theoretical
predictions of morphology development have been extensively
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verified at the microscale by simulations and experiments?*?2, How-
ever, it remains unclear whether theoretical predictions of morphol-
ogy control can be reliably extended to the nanoscale, since certain
assumptions and derivations in classical theories may not hold at this
scale. A comprehensive understanding of morphology evolution at the
nanoscale requires the use of advanced in-situ visualization techniques
to reveal dynamic growth behaviors.

Recent advances in LCTEM enable the visualization of nanoma-
terial dynamics in liquid with high spatiotemporal resolution”?,
providing an opportunity to study branched structures growth
mechanisms at the nanoscale. In this study, LCTEM was employed to
systematically investigate the growth dynamics of seaweed-like iron
oxide nanostructures, while charged Au NPs were introduced into the
reaction solution to modulate the branch formation. Observations

a Electron beam

In-situ TEM
sequence

Fig. 1| In-situ visualization of iron oxide nanostructure growth in the presence
of Au NPs by LCTEM. a Schematic of the experimental setup for the dynamic
observation of seaweed-like nanostructures growth. b Flow chat of contour
extraction for TEM images based on Unet++ segmentation. ¢ Sequential images
from Supplementary Movie 1 and the corresponding contour map of nanos-
tructures show the directional growth of branches towards the Au NPs. Red dashed
lines outline the growth morphology of branches in the absence of nearby Au NPs.

revealed that the Au NPs guided the directional and accelerated
growth of the branches, in contrast to the tip-splitting growth pattern
observed in their absence. Finite-element analysis indicated that the
local electric field between the charged Au NPs and the branches
governs this directional and accelerated growth behavior.

Results

In-situ observation of seaweed-like nanostructure growth
In-situ LCTEM experiments were conducted by sealing the reaction
solution within a silicon nitride (SiNy) liquid cell (Fig. 1a and Methods).
The reaction solution was prepared by dissolving Fe(acac); in a mix-
ture of oleylamine (OAm), oleic acid (OAc), and benzyl ether, followed
by the addition of Au NPs. Iron oxide clusters were nucleated and
grown into branched structures via OAm-promoted electron-beam
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Blue dashed lines indicate the growth morphology when Au NPs are present near
the branches, and Au NPs along the growth path are marked with yellow dashed
lines. d The corresponding contour map of nanostructures in (c). Contours of the
iron oxide nanostructures are overlaid to visualize their evolution. The color bar
indicates the time sequence, with pink representing the initial stage and red
representing the later stage. Intensity values are plotted on a linear scale.
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Fig. 2 | Growth dynamics of branches without Au NP guidance. a A multi-

branched pattern formed as a result of tip widening and subsequent splitting. b A
growth pattern in which the tip undergoes widening without splitting. ¢ Temporal
evolution of the tip radius of branch 1 during the branching process. The tip radius
initially increases gradually (orange) and then decreases significantly when the tip
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splits into two branches (blue), forming Tip A and Tip B. d Logarithmic correlation
between the growth rate and the curvature radius. Blue and pink represent the
logarithmic relationship between the radius and growth rate of branch 1 and branch
2, respectively. The red dashed line shows the linear fitting result, with a slope of
-1.1. Source data are provided as a Source Data file.

reduction, consistent with the methodology reported by Hauwiller et
al.”. This growth pathway has been previously demonstrated to closely
mimic conventional thermally activated synthesis processes of
Fes04°°"'. Post-analysis indicated that the product contains Fe304, but
the presence of FeO, cannot be excluded (Supplementary Note 3 and
Supplementary Figs. 1, 2). Herein, we refer to the product as iron oxide,
and subsequent analysis reveals that the specific composition makes
little sense to growth mechanisms. Morphologically, the iron oxide
branches observed in LCTEM do not exhibit a well-defined primary
growth direction or a distinct columnar trunk®. As a result, the overall
growth of iron oxide is described as seaweed-like growth. To enable
accurate tracking and analysis of the growth dynamics, a deep
learning-based method was developed to extract the contours of the
nanostructure throughout the growth process (Fig. 1b and Supple-
mentary Note 1).

Figure 1c (Supplementary Movie 1) illustrates a typical growth
sequence of iron oxide seaweed nanostructures. Interestingly, when
Au NPs are present near the branch tips, the branch growth exhibits a
directed growth toward the Au NPs, accompanied by suppression of
tip splitting and lateral widening, ultimately leading to contact
between the branch and the particle (marked by the blue dashed line).
In contrast, branches lacking Au NPs ahead of the growth front
(highlighted by the red dashed line) undergo pronounced tip splitting
and develop multi-branches, reflecting a more conventional dendrite
growth mode? (additional comparative examples are provided in
Supplementary Figs. 3-6 and Supplementary Notes 4, 5). This distinct
modulation of growth behavior by Au NPs highlights their role in

guiding nanostructure formation. Figure 1d shows the growth trajec-
tories of the iron oxide nanostructures, where the color gradient from
pink to red indicates the temporal evolution from the beginning to the
end. It is worth noting that branched structure growth is pre-
dominantly two-dimensional (2D) on the SiN, membrane, with only the
Au NPs located on the same membrane (identified by their high con-
trast and well-defined contour, see Supplementary Fig. 7) exerting a
significant influence on the growth behavior.

Growth kinetics of seaweed-like nanostructures

To elucidate the role of Au NPs in branch growth, a comprehensive
analysis of branch growth behavior was first conducted in the absence
of Au NPs. Within NP-free regions, the branches exhibit non-directional
and highly branched growth. The contours of these branches
throughout the growth process were extracted and are presented in
Fig. 2a, b. For branch 1, the growth front initially undergoes flattening
and lateral widening before splitting into two new tips, ultimately
forming a small, multi-branched structure. The temporal evolution of
the tip radius was quantified, revealing that the curvature radius
increases during the tip-widening and subsequently decreases as
splitting occurs (Fig. 2c). Pattern formation from a homogeneous
liquid solution is generally governed by the competition between
interfacial energy and interfacial instability. The initial broadening of
the tips may be attributed to fluctuations occurring during growth.
Subsequently, tip splitting occurs when the tip radius exceeds the
critical threshold for morphological instability in iron oxide domains,
which is = 5 nm?®.
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Fig. 3 | Branch growth behavior guided by Au NPs. a TEM images of directionally
grown branches and corresponding time-colored contours. The growth contours
of branch 3, branch 4, and branch 5 are highlighted in orange, blue, and red,
respectively. The intensity values are plotted on a linear scale. b Changes in the
orientation of the branch and the Au NP during growth (highlighted by the blue
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arrows and outlines). ¢ Formation of two branches directed by two Au NPs (high-
lighted by the yellow arrows and outlines). d Logarithmic correlation between the
growth rate and the curvature radius. Source data are provided as a Source

Data file.

It is worth noting that not all growth fronts exhibit splitting
behavior, as shown in Fig. 2b. This variation may be attributed to
substantial precursor depletion during the growth process. As repor-
ted in refs. 19,33, seaweed-like morphology can only be achieved when
the supersaturation reaches a sufficiently large level.

Furthermore, the correlation between the growth rate and tip
radius in the absence of Au NPs was quantitatively analyzed. The
growth rate was estimated based on the assumption of approximately
unidimensional tip extension by measuring the displacement of each
tip along the growth direction in each frame of the image sequence.
The logarithmic correlation between growth rate and tip curvature
radius displays a linear trend with a slope of = -1.1 (Fig. 2d), consistent
with a diffusion-controlled model for 2D dendritic growth®. It is
obvious that a smaller tip curvature radius correlates with faster
branch growth, likely due to an enhanced local concentration gradient
induced by higher curvature, which facilitates more efficient material
accumulation at the growth front.

In contrast, when Au NPs are present in the vicinity of the branch
tip, the tip undergoes a local deflection and exhibits a growth tendency
toward the direction where the NPs are located. As shown in Fig. 3a, the
branches maintain a sharp forefront until making contact with Au NPs.
Specifically, Fig. 3b intuitively illustrates how the NP guides the growth
of the branch. Here, 6, denotes the angle between the horizontal axis
and the branch’s growth direction, while 6, represents the angle
between the horizontal axis and the line connecting the center of the
Au NP to the branch’s initial growth point. It is evident that the initial
growth is not oriented toward the particle, as indicated by the dis-
crepancy between 67 and 6,. The branch subsequently adjusts its tra-
jectory to align with the position of the NP. When the NP shifts, the
branch’s growth direction changes accordingly. Supplementary Fig. 8
shows a strong correlation between the variations of 6; and 6,. In
addition, it is found that the local morphology of the nanostructures
varies with the positioning of the NPs, as shown in Fig. 3¢ (see more
information in Supplementary Movie 2, Supplementary Fig. 9 and

Supplementary Note 6). When multiple Au NPs are located in front of
the tips, it can give rise to a corresponding number of growing bran-
ches. These phenomenon supports the conclusion that the Au NP
serves as a guide for the directional growth of branches.

In the presence of Au NPs, the logarithmic correlation between
the growth rate and tip radius remains linear (Fig. 3d), with slopes
ranging from -2.1 to -2.4 (-2.12 for branch 3, -2.31 for branch 4, -2.30
for branch 5, and -2.13 for branch 6). These values deviate significantly
from the characteristic slope of -1, which is commonly associated with
diffusion-controlled dendritic growth, suggesting a distinct growth
mechanism of branches influenced by Au NPs.

To further confirm the influence of Au NPs, a comparative analysis
was conducted on branches from the same primary branch under
identical external conditions (e.g., liquid-layer thickness, electron-
beam flux), with the sole variable being the presence or absence of NPs
at the growth tip. The morphological evolution revealed a remarkable
contrast. Without Au NPs, structures underwent tip-splitting, forming
densely branched, seaweed-like patterns (Fig. 4a, b), a phenomenon
consistently observed in control experiments where Au NPs were
completely absent (Supplementary Note 5 and Supplementary
Figs. 4-6). In contrast, the presence of Au NPs promoted directional
growth toward the NPs and suppressed tip-splitting, resulting in
sparsely branched patterns (Fig. 4a, b). To quantify these morpholo-
gical differences, we calculated the fractal dimensions of the resulting
structures. The absence of Au NPs yielded a fractal dimension of = 1.6
(Supplementary Fig. 5), consistent with diffusion-limited aggregation
(DLA) for 2D growth®°, By comparison, the presence of Au NPs
reduced the fractal dimension to = 1.4. This quantitative analysis
confirms that Au NPs alter the growth kinetics of the seaweed-like
nanostructures, leading to sparser branching.

As previously noted, in the absence of Au NPs, the tip radius
increases continuously until it exceeds the threshold for morphologi-
cal instability, after which it rapidly decreases due to tip splitting. In
contrast, branches growing toward Au NPs maintain sharp tip
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Fig. 4 | Comparison of the growth behavior of branches with and without Au NP
guidance. a Time-resolved evolution of the contours of branches. Intensity values
are plotted on a linear scale. b Fractal dimensions of branched nanostructures. The
red and blue bars represent the fractal dimension values under conditions without

and with Au NPs, respectively. Scale bars: 50 nm. ¢ Time-dependent changes in
branch tip radius. d, e Branch growth length (d) and growth rate (e) as a function of
time. Source data are provided as a Source Data file.

geometries, with the tip radius generally remaining below 1.5nm
(Fig. 4c). This behavior suggests that Au NPs enhance interfacial sta-
bility in some way, thereby inhibiting tip widening and subsequent
splitting.

In addition to morphological evolution, the growth dynamics
were quantitatively assessed. Branches in the NP-free region display an
approximately linear increase in length over time (Fig. 4d). As shown in
Fig. 4e, the growth rate fluctuates within the range of 0-0.5 nms™ and
gradually decreases over time. This temporal evolution indicates that
the interfacial growth becomes limited by mass transport. As the
precursor is continuously consumed, the growth rate slows down and
eventually ceases. This behavior is consistent with the characteristics
of diffusion-controlled growth?.

In contrast, Au NP-guided branch growth exhibits a nonlinear
increase in length, with the growth rate gradually accelerating as the
growth front approaches the Au NPs. This behavior differs markedly
from unguided growth and is likely driven by external forces asso-
ciated with the Au NPs, which facilitate mass transport and promote
directional, accelerated growth.

Discussion

Based on the comparative analysis of growth dynamics, we conclude
that Au NPs play a crucial role in the directional, accelerated growth of
branches. Notably, Au NPs located several tens of nanometers away
can also influence the growth behavior (Fig. 1c and Supplementary
Movie 1), suggesting the presence of a long-range force associated with
the Au NPs that may act as the potential driving mechanism. In this
study, Au NPs were synthesized using a mixture of OAm, tetralin, and
chloroauric acid (see Supplementary Note 7). The synthesized Au NPs

were positively charged due to surface passivation by OAm ligands, as
confirmed by a zeta potential measurement of=+40mV (Supple-
mentary Fig. 10).

For the as-grown iron oxide, OAc ligands exhibit stronger surface
affinity due to their high oxophilicity, forming a passivation layer of
deprotonated OAc on the surface®®*™*°. As a result, the iron oxide
branches are negatively charged, with the surface potential estimated
to be in the range of —20 to -50 mV, depending on the tip radius and
OAc concentration”. Consequently, a local electrostatic field is
established between the positively charged Au NPs and the negatively
charged iron oxide branches, which is expected to influence and
modulate the growth dynamics of the branches.

To further quantitatively evaluate the effects induced by Au NPs,
the finite-element method (FEM) was employed to simulate the dis-
tribution of the electric field in the vicinity of an iron oxide branch and
an Au NP pair. The electric field distribution was simulated using the
following equations:

E= —VV @)
where Vs localized electric potential. The Au NP possesses a radius of
2.5nm and a surface potential of +40 mV, whereas the iron oxide
branch tip has a radius of 1.5 nm and a surface potential of -20 mV, and
the separation distance between them ranges from 5 to 40 nm, con-
sistent with experimental conditions. The distributions of the electric
field at varying separation distances are presented in Supplementary
Fig. 11, while Fig. 5a illustrates a representative distribution at a
separation distance of 8 nm. It is evident that the electric field is
directed from Au NP toward the iron oxide branch, with an enhanced
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field intensity localized in the region between them. Meanwhile, the
gradient of the electric field reaches its maximum along the axis con-
necting the Au NP and the tip of the iron oxide branch. This strong field
drives the migration of positively charged reactants and intermediates
toward the tip, thereby facilitating directional branch growth*.
Although the movement of particles modifies the spatial distribution
of the electric field, its overall characteristics remain consistent. As a
result, the branches continue to grow toward the Au NPs, leading to
the gradual bending of the branch morphology (Fig. 3b).

To quantitatively evaluate the influence of the local electric field
on branch growth, variation in growth rate (dv/dt) was examined as a
function of the distance (d) between the branch tip and the Au NP. As
shown in Fig. 5b, when the distance exceeds 15 nm, the growth rate of
branch 6 exhibits minimal variation. A significant increase in growth
rate is observed as the separation distance decreases, confirming
accelerated branch growth at shorter distances. Quantitative analysis
reveals that the variation in growth rate is inversely proportional to the
square of the separation distance, consistent with Gauss’s law, thereby
confirming the dominant role of the electrostatic field in governing
local branch growth (Supplementary Fig. 11). In addition, the local
electric field distribution in the presence of multiple NPs in solution
was investigated systematically, which was consistent with the phe-
nomena observed in our experiments (see Supplementary Note 8 and
Supplementary Figs. 12-14 for more details).

The growth direction of the branch is governed by the maximum
local electric field intensity at the branch tip, which is co-determined
by the tip curvature and the relative spatial positioning of the NPs
(Supplementary Fig. 14). As illustrated in Fig. 5c, the maximum field
intensity exhibits an inverse relationship with the separation distance,
indicating that the influence of the local electric field becomes
increasingly pronounced as the distance decreases. This enhanced
field effect leads to accelerated growth at shorter distances. However,
as the distance approaches a critical threshold, the branch growth rate
declines significantly (Supplementary Fig. 15). Quantitative analysis
reveals this critical distance to be = 4 nm in this work. This value closely
corresponds to the combined molecular length of OAc and OAm
ligands*®, suggesting that the observed behavior is likely due to spatial
repulsion arising from steric interactions between surface ligands.

When these ligands come into proximity, steric hindrance may impede
the diffusion of precursor toward the growth front, thereby dimin-
ishing the local supply of reactants and inhibiting further branch
elongation. Ultimately, following the displacement of the ligands, the
iron oxide branches establish direct contact with the Au NP surface*.
In summary, the dynamic growth of seaweed-like iron oxide
nanostructures was investigated using in-situ LCTEM. In the absence of
Au NPs, the structures exhibit tip splitting and evolve into highly
branched, fractal morphologies, typical of diffusion-limited growth. In
contrast, the presence of Au NPs facilitates locally directed, acceler-
ated branch growth, resulting in sparsely branched patterns with a
reduced fractal dimension. Finite-element analysis demonstrates that a
local electric field forms between the positively charged Au NPs and
the negatively charged iron oxide branches, facilitating reactant
aggregation at the branch tips and consequently promoting direc-
tional and accelerated growth. This study provides insights into the
fundamental growth mechanisms of branches influenced by local
electrostatic fields and highlights the potential of employing localized
external fields for morphological control. Given that the growth
pathway directly dictates the structural features governing subsequent
functionality, this work also provides a foundational framework for
investigations into the properties of other nanostructures.

Methods

Liquid-cell experimental setup

The reaction solution was prepared by dissolving 0.5 mmol of iron
acetylacetonate (99%) in a solvent mixture of OAm (90%), OAc (99%),
and benzyl ether (95%) (volume ratio of 3:1:6 and 10 mL in total). A
substantial quantity of Au NPs was then mixed into the liquid pre-
cursor. = 50 nL of the final solution was loaded into a reservoir of the
liquid cell, forming a=100 nm liquid layer sandwiched between two
SiN, membranes (20 nm thick each) at the observation window.

Liquid-cell fabrication

The liquid cell used in this study was fabricated based on SiN, mem-
branes using standard silicon microfabrication techniques (Supple-
mentary Fig. 16). Briefly, ultrathin silicon wafers (100 um thick, 4-inch
diameter, p-type) served as substrates. A layer of SiN, (=15nm) was
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deposited on both sides via low-pressure chemical vapor deposition
(LPCVD). The cell was then constructed through sequential photo-
lithography, wet etching to define the viewing windows and reservoirs,
thermal deposition of a metallic spacer to create the cavity, and final
bonding.

For liquid loading, = 100 nL of the reaction solution was intro-
duced into the reservoir via a syringe equipped with a Teflon tube. The
liquid was spontaneously drawn into the viewing window by capillary
force, forming a thin layer confined between the two SiN, membranes.
The thickness of this liquid layer, = 100 nm, was precisely defined by
the height of the deposited spacer. Finally, the injection port was
sealed with epoxy resin, passed a vacuum leak test, and loaded into the
electron microscope for observation. During TEM imaging, the elec-
tron beam traverses this thin liquid layer sandwiched within the
observation window.

TEM characterization

AJEOL 3010 TEM equipped with a Gatan Orius 833 camera was used in
our experiment, operating at 300 kV with an electron beam current
density of - 10*-10* A m™,

Image processing and analysis

A deep learning approach based on the UNet++ architecture was
employed to extract the contours of iron oxide nanostructures. A set
of 20 images acquired during the branch growth process was manually
annotated to construct the training dataset. Given the limited dataset
size, various data augmentation techniques, including rotation,
translation, scaling, flipping, and cropping, were applied to expand the
dataset and enhance the model's performance. Image alignment
across successive frames was achieved using a sliding window
approach. Finally, the contours were extracted to determine the
position coordinates of branch tips, which were subsequently used for
quantitative analysis.

Calculation of fractal dimension
The fractal dimension was analyzed via the box-counting method with
an ImageJ plugin.

Statistics and reproducibility

To ensure the reliability of our observations, all key experiments were
independently repeated and carefully validated. For the tip-splitting
growth behavior in the absence of Au NPs, this phenomenon was
reproduced in five independent experiments. In each experiment,
multiple branches were examined, and the branches consistently
exhibited the two characteristic growth modes (i.e., tip-splitting or tip-
widening). Representative examples are presented in the Fig. 2a, b (see
Supplementary Figs. 4-6 for additional examples). For the growth with
Au NPs, the experiment was repeated four times independently with
similar results. In each experiment, all branches with Au NPs located
near the branch tip exhibited directional growth toward the NPs,
accompanied by suppression of tip-splitting. Representative examples
from the total of 38 branches exhibiting this behavior are shown in
Fig. 3a-c (see Supplementary Figs. 3, 9, 13 and 14 for additional
examples).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The data that support the findings of this study are available from the
corresponding authors upon request. Source data are provided with
this paper.
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