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ABSTRACT: The ability of semiconductor nanoparticles (NPs) to self-assemble
has been known for several decades. However, the limits of the geometrical and
functional complexity for the self-assembled nanostructures made from simple often
polydispersed NPs are still continuing to amaze researchers. We report here the self-
assembly of primary ∼2−4 nm FeSe2 NPs with puck-like shapes into either (a)
monocrystalline nanosheets ∼5.5 nm thick and ∼1000 nm in lateral dimensions or
(b) mesoscale hedgehogs ∼550 nm in diameter with spikes of ∼250 nm in length,
and ∼10−15 nm in diameter, the path of the assembly is determined by the
concentration of dodecanethiol (DT) in the reaction media. The nanosheets
represent the constitutive part of hedgehogs. They are rolled into scrolls and
assembled around a single core with distinct radial orientation forming nanoscale
“needles” approximately doubling its fractal dimension of these objects. The core is
assembled from primary NPs and nanoribbons. The size distribution of the
mesoscale hedgehogs can be as low as 3.8%, indicating a self-limited mechanism of
the assembly. Molecular dynamics simulation indicates that the primary FeSe2 particles have mobile edge atoms and asymmetric
basal surfaces. The top-bottom asymmetry of the puck-like NPs originates from the Fe-rich/Se-rich stripes on the (011) surface
of the orthorhombic FeSe2 crystal lattice, displaying 2.7 nm periodicity that is comparable to the lateral size of the primary NPs.
As the concentration of DT increases, the NPs bind to additional metal sites, which increases the chemical and topographic
asymmetry and switches the assembly pathways from nanosheets to hedgehogs. These results demonstrate that the self-assembly
of NPs with non-biological surface ligands and without any biological templates results in morphogenesis of inorganic
superstructures with complexity comparable to that of biological assemblies, for instance mimivirus. The semiconductor nature of
FeSe2 hedgehogs enables their utilizations in catalysis, drug delivery, optics, and energy storage.

■ INTRODUCTION

Despite decades of research on the self-assembly of nano-
particles (NPs), the spontaneous morphogenesis of inorganic
nanoscale materials remains a scientific frontier relevant to both
fundamental problems such as origin of life and current
technological pains such as safe energy storage devices. From
the template-directed organization of NPs,1−5 the studies
transitioned to template-free conditions when nanoscale
assemblies emerge in the bulk of the solvent. For such
nanocolloidal systems with unrestricted Brownian motion, the
common self-organization patterns are known to be chains,
sheets, ribbons, and helices,6−8 as well as a diverse spectrum of
gels,9,10 supraparticles,11−14 and superlattices.15−19 The forces
determining the spontaneous morphogenesis of NP super-

structures are only partially understood,6,20−24 whereas the
limits of their complexity are unknown. Concomitantly, the
demand for sophistication of the nanoscale assemblies is
increasing due to the expectations of equally sophisticated
chemical, optical, electrical, mechanical, and biological
functionalities. To name a few examples when geometrical
complexity of nanoscale structures of inorganic materials begets
new functions, the specific and often counterintuitive three-
dimensional (3D) positioning of plasmonic and excitonic
particles results in multipole effects.25−28 Corrugated interfaces
with nanoscale roughness produce unexpected wetting29−31
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and solvation32 phenomena, while intricate molecular, nano-
scale, and mesoscale shapes enable selective gas absorption,
biomimetic catalysts, drug delivery vehicles, and stimuli-
responsive gels.
Complex self-assembly patterns are well-known from

biology33−35 and many of them mirror those seen for inorganic
NPs. Their formation is the product of assembly of often
identical biological units with nanoscale dimensions organized
into hierarchical constructs spanning several orders of
dimensions.36−40 The following question then inevitably
emerges: Are similar levels of complexity and hierarchy possible
for non-biological building blocks? A large library of NPs with
different shapes25,41−43 and a large spectrum of self-organized
structures with gradually increasing degrees of complexity
indicate feasibility of inorganic nanoscale structures with
sophistication of geometry and function approaching those to
their biological counterparts35 when NPs possess a certain
degree of anisotropy and dynamic structural reconfigura-
tion.6,44−49 The answer(s) to this question have broad
technological impacts because harnessing self-organization will
l (a) improve energy efficiency of device manufacturing, (b)
bridge nanoscale materials with microscale technologies, and
(c) simplify the realization of complex mesoscale “ma-
chines”.50−52

Here we found that 2−5 nm puck-shaped NPs of iron
diselenide FeSe2 are capable of self-assembly into 550 nm
particles with hedgehog-like morphology and uniform size
distribution. The previous preparative method for hedgehog
particles included growing ZnO nanowires on a microscale
polystyrene core.32 Self-organization route for hedgehogs
would certainly be desirable due to its simplicity although at
the start of the project seemed highly unlikely because they
incorporate at least three assembly patterns that must be
coordinated in a specific fashion: assembly of the core, assembly
of the needles, and assembly of the needles around the core.
Nevertheless, one-pot assembly of hedgehogs is possible; the
chemical conditions enabling such multistage self-assembly
were found by judicious selection of the ratio and concentration
for the two surface ligands: oleylamine (OLA) and dodeca-
nethiol (DT) in 1-octadecene (ODE). For FeSe2 NPs sparsely
covered with DT surface ligands nanosheets are formed. For
the same NPs more densely coated with DT, the top/bottom
asymmetry of the primary puck-like particles is increased and
hedgehogs start forming. “Needles” of these hedgehogs are
constructed as rolled monocrystalline FeSe2 nanosheets
extending from the central core. The latter are self-limited
spheroids self-organized from the primary NPs and nanorib-
bons. The experimental and computational data about the early
stages of the assembly point to multistage hierarchical assembly
leading to the complex geometry of mesoscale hedgehogs.
While our interest in this study is primarily fundamental, the

mesoscale FeSe2 hedgehog particles are also technologically
significant. The specific advantage of their unusual geometry is
related to anomalous dispersion behavior of particles with
highly corrugated surfaces.32 The continuous crystallinity
resulting from oriented attachment6,45,53−55 and the semi-
conductor properties of FeSe2 (1.0 eV band gap and absorption
coefficient of 5 × 105 cm−1)56−59 also make them promising
high performance light absorbers,60 battery anodes,61 nonlinear
optical materials,62 and catalysts.63,64 The hierarchical biomi-
metic self-assembly process simplifies their scalable manufactur-
ing.

■ RESULTS AND DISCUSSION

Synthesis of Constitutive NPs. Self-assembly of NPs from
iron chalcogenides received relatively little attention compared
with similar processes involving gold-, cadmium-, or lead-based
NPs although FeS2 and FeSe2 represent some of the most
promising energy storage and catalytic nanomaterials
today.54,65−71 The choice of the NP material for this study
was also based on the early observations of corrugated iron
chalcogenide nanostructures.72−76 Their geometrical complex-
ity might be further increased by deliberate engineering of the
synthetic pathway via self-assembly of nanoscale particles. In
comparison with self-assembly of NPs from PbS77 and Au78

with cubic or hexagonal crystal lattice, the same processes
involving iron chalcogenides could lead to more complex
superstructures because orthorhombic crystal lattice of the
latter is more asymmetric, which must increase the anisotropy
of the primary NPs.
Considering previous studies of FeSe2

60−64 and
FeS2

54,65−71,79 nanostructures, we chose organic media for
synthesis in this instance, namely in the mixture of DT and
OLA in ODE,79−81 due to greater stability of FeSe2 against
oxidation in these solvents than in water and previous
expertise.62 Besides coordinating the NP surface, these surface
ligands also have reductive properties. Starting with Fe3+,
namely anhydrous FeCl3, chalcogenides of Fe2+ can be
obtained.
When the concentration of DT in ODE during the synthesis

is low, namely [DT] = 67.5 mmol/L, FeSe2 nanosheets are
formed (Figure 1a). As the concentration of DT increased six
times to [DT] = 405 mmol/L compared to the previous
conditions, one can observe the transition from the formation
of nanosheets to corrugated mesoscale spheres (Figure 1b).
When the amount of DT is increased 10 times, namely [DT] =
675 mmol/L, mesoscale hedgehog particles with a diameter of
550 ± 20 nm are exclusively produced (Figure 1c). Hedgehog
particles retain their dominance as DT concentration becomes
even higher albeit increasing the diameter of the needles.
Reaction optimization was carried out further for two

additional parameters: the temperature of the reaction and
OLA concentration (Figures S1−S5) to maximize the yield of
either nanosheets or hedgehogs. The optimal volumes of DT
and OLA in solution A (see Methods) for formation of
nanosheets are 0.1 and 2 mL, respectively. The optimal
volumes of DT and OLA for formation of mesoscale hedgehogs
are 1 and 2 mL, respectively. The optimal temperature for both
products was found to be 175 °C. The parameter matrix and
corresponding composition of the products indicate that the
primary parameter controlling the switch between formation of
nanosheets and hedgehogs is the DT concentration.
Mesoscale FeSe2 hedgehog particles display some morpho-

logical analogy with a variety of star-like particles,25,28,77,81,82

with exception that the aspect ratio of the “rays” (also called
needles) is greater. The outer diameters of the hedgehogs
reveal notable size-uniformity with dispersity index as low as
3.8% as established by the image processing with the shape
recognition of the electron microscopy data followed by the
statistical analysis (Figure 1f). High size uniformity of the
hedgehogs is indicative of the self-limitation mechanism of their
formation.11,83 Mesoscale hedgehogs exhibit absorption and
scattering in a wide spectral region ranging from visible (vis) to
near-infrared (NIR) (Figure S2a) that is similar to extinction
spectra of microscale hedgehogs.32
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Self-Assembly of Primary FeSe2 NP into Nanosheets.
Formation of nanosheets of FeSe2 are scientifically interesting
because of the current widely spread research on 2D
semiconductor nanomaterials. However, in the framework of
this study, we shall focus primarily on FeSe2 hedgehogs. The
mechanism of the nanosheet formation is, important from this
standpoint as well because it is permits deciphering the
mechanism of hedgehog formation.
The metal-to-chalcogen atomic ratio in perfect FeSe2 lattice

is 1:2. OLA and DT ligands bind to metal sites; thus, they coat
the NP surface more sparsely than a typical semiconductor NPs
with metal-to-chalcogen ratio of 1:1, for instance PbS, CdSe, or
CdTe.79 Furthermore, DT and OLA surface ligands on NPs are
expected to be labile and, given sufficient thermal activation,
they are likely to go on and off the NP surface. According to
EDX spectrum, nanosheets have atomic ratio of Fe:Se:S =
1:2.1:0.05 (Figure S6b). The deviation from the FeSe2
stoichiometry is representative of the contribution of surface
ligands to the chalcogenide lattice of these nanostructures. The
attribution of FeSe2 as the chemical formula to these
nanostructures is, therefore, an approximation. The fact that
considerable doping taking place can be further supported by
the weakness or lack of fluorescence at room temperature
associated with efficient quenching of excited states due to
adatoms (Figure S10).
The formation of monocrystalline FeSe2 nanosheets with flat

and curled geometry (Figures 2, 3, and S8) were observed. In
both cases, their lateral size and thickness were ∼600−1000 nm

and ∼5.5 nm, respectively (Figures 2, S6, and S7). Nanosheets
were monocrystalline (Figures 3 and S9) with atomic packing
corresponding to orthorhombic phase of FeSe2 (JCPDS No.
21-0432). Based on the observed electron diffraction patterns,
the vector of the incident electron beam was aligned with [11−
1] axis in FeSe2 lattice. Hence, the three preferential growth
directions are (011), (101) and (1−10) planes of FeSe2
orthorhombic lattice (Figure 3b).
To learn more about the growth mechanism, we monitored

the intermediate stages of nanosheet formation (Figures S11−
S14). The growth pattern presented in Figure 4 is similar to
that of previous FeSe2 nanosheets formed in DMSO.69 At the
earliest time point after the injection of Se precursor (30 s), the
puck-shaped NPs formed that will be referred to as “primary”
NPs because they precede the formation of all the other
structures in this nanocolloidal system. These NPs are small
and active rapidly assembling into planar aggregates ∼30−100
nm in size (Figure 4a). The approximate lateral size the primary
NPs is ∼2−3 nm based on the individual crystallites seen soon
after injection of the Se precursor and the dimensions of
crystalline domains in the early nanosheets (Figure 4). The
planar agglomerates grow along the lateral dimensions reaching
∼150−300 nm in diameter (Figure 4b) retaining the same
thickness. Based on AFM images, the thickness of the
nanosheets is ∼5.5 nm throughout the assembly process
indicating preferential edge-to-edge attachment of the primary
NPs.84 Since AFM height measurements also include the
surface ligands, this thickness is consistent with the dimensions
of single primary NPs and particle-by-particle assembly,45,54,69

rather than the atom-by-atom growth process.85

Cumulatively, the schematic of the assembly of primary NPs
into nanosheets is given in Figure 5. The basal surfaces of the
nanosheets and the primary NPs have a normal parallel to the
[11−1] axis of orthorhombic FeSe2 lattice (Figure 5b), which
was consistent with the data in Figure 3. The coalescence of
primary NPs occurs via the fusion of the (011), (101), and/or
(1−10) facets. One cannot expect that the primary NPs have
perfect geometrical match to each other or very uniform in
lateral size. Considering the monocrystallinity of the resulting
sheets, there must be some atomic-scale reorganization at the
edges of the NPs as they self-assemble, which must be involved
in self-assembly process in addition to oriented attach-
ment.45,53,54,69

Self-Assembly of Primary FeSe2 NPs into Mesoscale
Hedgehog Particles. DT surface ligands adsorb selectively on
specific faces of NPs86,87 leading to anisotropy of van der
Waals, hydrophobic, and electrostatic (charge−charge, dipole−
dipole, and ion−dipole) interactions. Even minor anisotropy of

Figure 1. SEM images of the FeSe2 nanostructures for different
amounts of DT in “solution A”: (a) 0.1, (b) 0.6, (c) 1.0, (d) 2.0, and
(e) 4.0 mL. The amount of OLA was fixed at 2 mL; the volume of
ODE was adjusted to keep the total volume of “solution A” constant at
∼6 mL. (f) Size distribution of the FeSe2 hedgehogs. The average size
of hedgehogs is 550 ± 20 nm.

Figure 2. (a) Top and (b) side view SEM images of FeSe2 nanosheets.
(c) AFM image and (d) corresponding topography cross section
(∼5.5 nm in thickness) of a nanosheet. Additional images are shown in
Figure S7.
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these interactions is known to lead to complex nanoscale
structures from NPs.24,88 The FeSe2 hedgehog particles display
unusually high monodispersity and geometrical complexity with
their branches/rays emanating from a common origin (Figures
6 and S15). The distinct hedgehog geometry of the
spontaneously formed particles was confirmed by the TEM
tomography (Figures 6c and S18, and Video File S1). Unlike
nanoscale star-like and microscale hedgehog particles made
previously,25,28,32,77,81,82 the “rays” or “needles” in these
assemblies are hollow (Figure 6f) being the scrolled version
of the nanosheets from Figure 2. As one measure of their
complexity, the fractal dimension, Df, of the two contours for
the projections of the TEM images for the hedgehog particles is
∼1.75 as compared to Df ≈ 1 for the nanosheets. For the larger
hedgehogs, the morphology of scrolled FeSe2 sheets could be
observed even by SEM (Figure S16). The dimensions of the
nanoscrolls are ∼250 nm in length, ∼10−15 nm in diameter,
and ∼2 nm in wall thickness.
The EDX spectrum revealed the elemental composition of

FeSe2 to be Fe:Se:S = 1:2.2:0.2 (Figure S15b), which is similar
to that of nanosheets with exception of increased atomic
percentage of sulfur which is associated with greater density of
DT surface ligand on the surface of mesoscale hedgehogs than
on nanosheets. Weak broad-band photoluminescence of
mesoscale hedgehogs was observed in the 400−500 nm
spectral window (Figures S14 and S17).
High-resolution TEM (Figure 7) confirmed single-crystal

structure of the FeSe2 nanoscrolls forming the “needles”. Three
sets of lattice fringes were observed, corresponding to the (1−
10), (011), and (101) lattice planes of orthorhombic FeSe2,
which suggests that the nanoscrolls are rolled up along the axis
that is perpendicular to [11−1] and parallel to (1−10). The
powder XRD pattern also verifies the orthorhombic phase of
FeSe2 (Figure 7c).
Mechanistic Insights. The formation of FeSe2 hedgehogs

cannot be explained by the ion-by-ion growth models of the
NPs. It must be driven by the interparticle forces. Once this
conclusion is made, it is clear that it is difficult to offer at the
moment a theoretical or simulation framework that can give full
or even intermediate level of mechanistic details for the
formation of such complex structures from molecular

precursors. The bottleneck in describing the mechanism is
associated with the steps involving transition of the primary
NPs into the mesoscale superstructures. The problems
originate from the complexity of the close-range NP
interactions that cannot be quantitatively described by the
existing theories.24 Atomistic molecular dynamics (MD)
simulations can, in principle, account for non-additivity and
dynamics of NP interactions, but have difficulties in
accommodating sufficiently long times and sufficiently large
number (thousands) of NPs characteristic of the actual
assembly processes.89 Coarse-grained simulations offer the
powerful toolbox for modeling NPs systems with adequately
scaled times and sufficiently large number of NPs, but
parametrization of NP interactions in them requires diligent
adaptation to specific nanoscale system guided by empirical
observations.7,11,90,91 Both simulation techniques can yield
excellent matches with geometries of a subset of the
experimental assemblies although not yet as complex as
hedgehogs.11,83,92,93 The hybrid methods combining quantum
mechanical, density functional theory, MD, and coarse-grained
or Monte Carlo algorithms are promising in their accuracy89,94

but so far have not been implemented for multistage
hierarchical assemblies.
Within the confines of this paper, we shall make the first

steps toward elucidating the mechanism of NPs → hedgehogs
transition looking for a conceptual framework to answer the
following question: How can such geometrically complex system
with characteristic dimensions exceeding 500 nm self-assemble f rom
pieces 2−3 nm in size? From this standpoint, we decided to
identify the intermediate stages of the assembly. To accomplish
it the reactions was carried out in some instances at 150 °C
(Figure S20) instead of 175 °C to gain the information about
the very early stages of NP assembly better. Based on the
microscopy data in Figures 2−4, 8, S19, and S20, the assembly
process of the FeSe2 hedgehog particles includes at least four
stages: (i) formation of primary ∼2−4 nm FeSe2 NPs from
FeCl3, DT, and OLA (Figures 4a(i), 5a, S20a,b, and S21b); (ii)
fusion of the primary NPs into short nanoribbons and spiky
agglomerates (Figures 8a, S20c,d, and S23); (iii) assembly of
the short ribbons and primary NPs around the spiky
agglomerates into supraparticles23 forming the cores of the

Figure 3. (a) TEM and (b) HR-TEM images of FeSe2 nanosheets. Insets of panel (a) are the corresponding fast Fourier transform (FFT) and
selected area electron diffraction (SAED) patterns. (c) Powder XRD pattern of nanosheets. The three d-spacings in panel (b) are 3.65, 3.1, and 2.85
Å, corresponding to the (110), (011), and (101) lattice planes of orthorhombic FeSe2, respectively.
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hedgehogs (Figure 8c,d); and (iv) growth of the scrolls on the
surface away from the surface of the supraparticle producing
final hedgehogs (Figures 8e−h, S20e,f, and S23e,f). These
stages overlap in time, and, for instance, the growth of
hedgehog spikes and the completion of the core are likely to

proceed simultaneously depending on the overall reagent
concentrations (Figure S5) and local conditions.
Some parts of the mechanism of hedgehog assembly are

familiar although for each such part one can find parts that are
hard-to-explain. Among the former ones, is the monocrystal-
linity of nanosheets, nanoribbons, and nanoscrolls. Both TEM
and XRD patterns confirms the presence of large monocrystal-
line domains in the mesoscale hedgehogs (Figure 8i). The
single crystal nature of the key structural elements of the
hedgehogs is a consequence of the edge-to-edge fusion of the
primary NPs. The transition of NPs to nanoribbons also
mirrors the past observation of the NPs → nanoribbons
processes for CdTe,7 PbS,45 FeS2,

69 Cu2S,
98 and CdSe.85

The hard-to-explain aspect of this process is the distinct
tendency to scroll. While rolled structures were also observed
for some nanomaterials,93,95−,99101 the nanosheets were not
observed to spontaneously roll up in dispersion, in the absence
of external stimuli, such as surface forces, mechanical strains, or
thermal gradients.96−98,102,103 Furthermore, the data in Figures
6−8 and S20e,f, are consistent with direct transition of
nanoribbons into scrolls rather than the initial formation of
the large sheets that subsequently roll up. No formation of
adequately large sheets and partial scrolls are observed for
conditions of hedgehogs formation (Figures 6−8, S20, S21, and
S23).
The second part that is relatively well understood is the

assembly of the NPs into self-limited aggregates with high
uniformity.11−14,77,92,104−108 Among potentially several struc-
tural elements, self-limited assemblies are represented here by
the FeSe2 cores. The hard-to-explain part here is the change
from the space filling assembly pattern typical for standard
supraparticles to the regularly spaced needles, that cannot be
easi ly explained based on the models used be-
fore.11,12,14,77,92,104−107 So, despite some familiar mechanisms
of self-organization, the following sections needs to be treated
as our best guesses about the mechanism of hedgehog
morphogenesis.
Let us recall that the hedgehogs form when the

concentration of DT is increased to about 10-fold, compared
to that for nanosheets. Thus, the ligand density on the NPs
surface is markedly (10×) increased which was affirmed by
EDX spectra and the amplitudes of the sulfur peaks in Figures
S6b and S15b. Higher ligand density on NPs and its
significance for NP-NP interactions can also be visualized by
the formation of a gel, whereas for NPs made at lower
concentration of DT, no gelation is observed (Figure S22).
The increase of DT density on NP surfaces may increase the

asymmetry between the two top/bottom sides of the puck-like
FeSe2 NPs. The main reason for the asymmetry is the peculiar
structure of [1−11] surface of orthorhombic FeSe2. The basal
[1−11] planes for the primary NPs have alternating Se-rich and
Fe-rich stripes (Figures 9). For long FeSe2 nanoribbons and
nanosheets, the total number of each type of Se-rich and Fe-
rich stripes on both basal planes will be the same. However, the
primary FeSe2 NPs (∼2 nm, Figures 8b and S21) are smaller
than the period ∼2.7 nm of the stripes (Figure 9 a,b) and thus
their basal planes will not be identical. Even relatively large
early NPs of ca. 7−8 nm in diameter that can accommodate
more stripes will retain a part of this anisotropy because the
numbers of Fe-rich stripes remains unequal between the top
and the bottom surface (Figures 9a,b and 10b,c).
Asymmetry of primary NPs caused by the DT stripes can be

illustrated by atomistic MD simulations (Video Files S2 and 3)

Figure 4. TEM images of reaction aliquots at 175 °C: (a) 30 s, (b) 1
min, and (c) 3 min. (d) XRD patterns of the intermediate stages of the
nanosheet assembly. TEM images with consecutively higher
magnification of early stages of nanosheet assemblies: (a(i)) HR-
TEM image of primary NPs, (a(ii) and a(iii)) HR-TEM images of an
early planar aggregate [white arrow in panel (a) marks the location of
panel (a(ii)); white rectangle in panel (a(ii)) marks the location of
panel (a(iii))]. (b(i)) HR-TEM image of the intermediate nanosheet
with visible crystallites corresponding to primary NPs. (c(i)) HR-TEM
image of the resulting FeSe2 nanosheet.
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of FeSe2 plates of several nm representing the early NPs in
Figures 5a, 8b, and 9d. The top-bottom anisotropy of the
primary NPs, can also be described in term of patches produced
by the DT “tails” (Figure S23). As was demonstrated in silico,
pattern of patches may result in complex structures.109 As one
of the potential consequences, the patchiness may lead, for
instance, to curling because the preferential concentration of
the tails on one side would necessarily cause the bending as
NPs are attaching to each (Figure S24). The preference for the
non-planar configuration during the assembly process can be
seen in the atomistic MD simulations for the two primary NPs
in close vicinity of each other (Video File S4).
Analogous assembly patterns of the primary NPs into the

curved nanoscale structures were observed for Au NPs.93 The
possibility of the formation of scrolls by the edge-to-edge
assembly of primary NPs was also observed for ReSe2.

110

Minimization of the surface tension was suggested as the
driving force for curling. Whether the curved assembly pattern
originates from unequal distribution of the DT patches or
surface tension effects, it can be generalized as maximization of
the van-der-Waals attraction of the sheets counteracted by the

mechanical deformation of the semiconductor sheet and the
surface layer. Considering that multiplicity of scrolled nanoscale
structures were observed in the past,95−103 such assembly
pattern and force balances can be common for different self-
organizing nanoscale systems.

■ CONCLUSIONS
The multistage assemblies of FeSe2 NPs into nanosheets and
mesoscale hedgehog particles was observed. The spikes of
hedgehogs are formed from the scrolled nanosheets that attach
to the supraparticle core via one of the ends. The uniformity of
mesoscale hedgehogs originates from the self-limitation of their
growth. The anisotropy of the primary 2−3 nm NPs is

Figure 5. (a) HR-TEM image of primary puck-like NPs. (b) Atomic model (top view) of the orthorhombic FeSe2 nanosheet viewed from its [11−1]
axis. Upper-right inset: single-crystal diffraction pattern. Lower-right inset: unit cell structure of an orthorhombic (FeSe2) lattice viewed from the
[11−1] axis. (c) Schematic illustration of the assembly of the primary NPs into the nanosheets.

Figure 6. (a,b) SEM and (d,e) TEM images with increased
magnification. (c) TEM tomography image of the assembled
nanoscroll marked by an arrow in a mesoscale hedgehog particle
(scale bar, 100 nm).

Figure 7. (a) TEM and (b) HR-TEM (inset: corresponding FFT
pattern) images of FeSe2 nanoscrolls in one assembled hedgehog
particle (upper inset of panel (a)). The SAED pattern (lower inset of
panel (a)) is consistent with the FFT pattern. (c) The corresponding
powder XRD pattern.
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hypothesized to be the key factor for this multistage self-
assembly process for FeSe2 and potentially other types of
NPs.93 The study indicates that the combination of nanoscale
anisometry (puck-like shape) and anisotropy (chemical
asymmetry of the two basal planes) for the basic building
block of the nanoscale assemblies leads to dramatic increase of
complexity for the superstructures that can compete in
sophistication with biological systems. FeSe2 hedgehog particles
can be compared, for instance, to mimivirus that have a
diameter of ca 400 nm and star-like shape.118 Interestingly, the
polydispersity of the primary building blocks does not impede
the complexity of the self-assembled superstructures.

■ METHODS
Chemicals. Anhydrous FeCl3 (≥98%, Aldrich), Se powder (100

mesh, 99.5%, Alfa Aesar), 1-dodecanethiol (DT, ≥97%, Fluka),

oleylamine (OLA, C18 content 80−90%, Acros), 1-octadecene (ODE,
90%, Aldrich), oleic acid (OA, 99%, Fluka), and chloroform (>99.9%,
Aldrich) were all used as received.

Synthesis of FeSe2 Nanosheets. For a typical synthetic reaction,
anhydrous FeCl3 (0.25 mmol) was first mixed with 3 mL of ODE, 2
mL of OLA, 0.1 mL of DT, and 50 μL of OA in a 50 mL three-neck
flask. Under mild stirring, the reaction mixture was slowly heated to
175 °C within 30 min under nitrogen atmosphere until a clear light
brown solution was obtained. During this heating process, Fe3+ cations
were reduced by the mixed system of OLA and DT to form the Fe2+

precursor, hereafter named as “solution A”. At the same time, the Se
precursor solution (i.e., OLA−Se complexes) was prepared by
reducing 0.5 mmol of Se powder with the mixture of OLA (0.7
mL) and DT (0.3 mL) at room temperature (mOLA + nSe + HS−
C12H25 → (OLA)mSen + H25C12−S−S−C12H25 (m ≤ n)),80,111

hereafter termed “solution B”. When the temperature of solution A
reached 175 °C, solution B was swiftly injected (∼1 s) with a syringe.
The solution immediately turned dark, indicating the formation of
FeSe2 NPs. Subsequently, the reaction temperature was kept at 175 °C
for 30 min to allow the growth of FeSe2 nanosheets. After that, the
flask was rapidly cooled to room temperature to harvest the
nanosheets products (black precipitate) via centrifugation and then
washing three times with chloroform.

Synthesis of FeSe2 Mesoscale Hedgehog Particles. In general,
the synthetic procedure of FeSe2 mesoscale hedgehog particles is
similar to that for nanosheets, except that the volume of DT used was
increased to 1 mL from 0.1 mL. In this study, we explored the
influence of different parameters on the growth of FeSe2
nanostructures.

Characterization. Scanning electron microscopy (SEM) images
and energy-dispersive X-ray (EDX) spectroscopy data were acquired
by a FEI Nova 200 Nanolab Dualbeam FIB system. Transmission
electron microscopy (TEM) and high-resolution transmission electron

Figure 8. (a,c,e,g) TEM and (b,d,f,h) HR-TEM images of reaction
aliquots of the intermediates in hedgehog particle synthesis carried out
at 175 °C: (a,b) 40 s, (c,d) 1 min, (e,f) 3 min, and (g,h) 5 min. (i)
XRD patterns of the hedgehog intermediates for different reaction
times.

Figure 9. (a) Schematic illustration of the periodic Se-rich and Fe-rich
stripes on both basal planes of a nanoribbon representing the flattened
nanoscroll, viewed from the axis that is perpendicular to [11−1] and
parallel to (011). (b) Side view of the nanoribbon from panel (a),
showing the periodic Se-rich and Fe-rich stripes on the top basal plane.
(c) Top view of the nanoribbon from panel (a). (d) HRTEM image of
the nanoribbon formed at the early stage (Figure S23); the atomic
structure and dimensions of teh nanoribbon are similar to those in
panel (c).
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microscopy (HR-TEM) images were obtained using a JEOL JEM-
3011 microscope operating at 300 kV to further elucidate the size,
shape, and crystal structure of the FeSe2 nanocrystals. The 3D
reconstruction of electron tomography of the mesoscale hedgehog
particles was carried out using a FEI 200 kV Titan Krios cryo-electron
microscope, which was equipped with a Gatan Ultrascan 4000 16-
megapixel CCD. Atomic force microscopy (AFM) images were
obtained using a Veeco Dimension Icon AFM (Bruker), operating in
the ScanAsyst air mode. Powder X-ray diffraction (XRD) experiments
were performed on a Rigaku rotating anode X-ray diffractometer using
Cu Kα radiation (1.54 Å) to determine the crystal structure of the
nanocrystals. In addition, absorption and photoluminescence (PL)
emission spectra were measured at room temperature using an Agilent
8453 UV−vis spectrophotometer and a Jobin Yvon Fluoro Max-3
spectrofluorometer, respectively.
The polydispersity of the hedgehogs was evaluated on the basis of

the sizes of TEM images. The outer diameters of the particles were
measured and analyzed by Nano Measurer 1.2 software package. The
result of the statistical analysis indicates that the size of hedgehogs is
548 ± 21 nm. According to the IUPAC recommendations and
accepted conventions in the field,112 the dispersity index in % is
calculated as dispersity index = (standard deviation/mean size).
Molecular Dynamics Simulations. An atomistic model of FeSe2

nanosheets with a thickness of 0.6 nm was constructed to represent
the primary NPs and to early agglomerates in Figure 4. The ligands
were distributed on two surfaces of the nanosheets according to the

surface density of the iron atoms. The resulting FeSe2 models were
placed in a solvent box containing ODE. We used CHARMM general
force-field113,114 to model the solvent molecules and the ligands. The
parameters (bond, angle) for the nanosheet were tuned by using its
tensile modulus of elasticity. The charges of iron and selenium of the
nanosheet were taken from the calculations of Ataca et al.115 We
performed atomistic MD simulations using Nanoscale Molecular
Dynamics (NAMD) software116 in an isothermal−isobaric ensemble
(NPT). Nonbonding interactions were calculated using a cutoff
distance of d = 10 Å and long-range electrostatic interactions were
calculated by the Particle Mesh Ewald method (PME)117 with periodic
boundary conditions. In the simulations, we used Langevin dynamics
with a damping constant of γLang = 0.1 ps−1 and a time step of 2 fs.

Determination of the Force Field of the Nanosheet. We built
a computational model of a FeSe2 nanosheet with 4 nm length, 4 nm
width, and 1.2 nm thickness to calibrate the bond and angle force
constants using the tensile and flexural moduli of elasticity. As a part of
force filed calibration, we tested the flexural deformation of the
nanosheet when two edges of the nanosheet were fixed while a
constant downward force was applied at the center of the nanosheet
(see Supporting Information, Comment 1). The force is calculated
using the equation

=E
L F
wh d4bend

3

3

where L is the length, F is applied force, w is width, h is thickness, and
d is deflection. The force constants of bonds and angles were adjusted
to obtain 1 Å deflection of the nanosheet applying 13.17 nN of force,
which correspond to the bending and tensile moduli equal to 305 GPa.
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