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ABSTRACT: As the dimensionality of materials generally affects their characteristics,
thin films composed of low-dimensional nanomaterials, such as nanowires (NWs) or
nanoplates, are of great importance in modern engineering. Among various bottom-up
film fabrication strategies, interfacial assembly of nanoscale building blocks holds great
promise in constructing large-scale aligned thin films, leading to emergent or enhanced
collective properties compared to individual building blocks. As for 1D nanostructures,
the interfacial self-assembly causes the morphology orientation, effectively achieving
anisotropic electrical, thermal, and optical conduction. However, issues such as defects
between each nanoscale building block, crystal orientation, and homogeneity constrain
the application of ordered films. The precise control of transdimensional synthesis and
the formation mechanism from 1D to 2D are rarely reported. To meet this gap, we
introduce an interfacial-assembly-induced interfacial synthesis strategy and successfully
synthesize quasi-2D nanofilms via the oriented attachment of 1D NWs on the liquid
interface. Theoretical sampling and simulation show that NWs on the liquid interface maintain their lowest interaction energy for the
ordered crystal plane (110) orientation and then rearrange and attach to the quasi-2D nanofilm. This quasi-2D nanofilm shows
enhanced electric conductivity and unique optical properties compared with its corresponding 1D geometry materials. Uncovering
these growth pathways of the 1D-to-2D transition provides opportunities for future material design and synthesis at the interface.

Nanowire riité'ting Nanowire orientation

Bl INTRODUCTION to precisely control transdimensional transitions have been a
challenging task, while the experimental advances and the
underlying mechanism for such transitions have been scarce so
far.

Nanomaterials with different dimensionalities, such as one-
dimensional (1D) or two-dimensional (2D) nanomaterials,

exhibit differences in exposed crystal planes, morphology, size
. *P Crysa’ panes, ProTosy, SIze, Typically, manufacturing nanomaterials from lower to higher
and specific surface area, leading to their vast discrepancy of

. ) . 2
intrinsic physical and chemical properties,' ™ which finally dimension must break through the energetically stable state.

results in broad applications in optoelectronic devices,** For instance, the zero-dimensional (0D) CdTe nanoparticles
catalysis,6’7 sensors,”’ and many  other multifunctio;lal were reorganized into lDZI;]Ws via the removal of protective
intelligent devices."~"> The 1D or 2D nanomaterials with and stabilized surfactant,”” and the 0D Ag clusters were

. transformed into single-cluster nanowires via polyoxometalate-
completely the same components would always show diverse , 4 . .
. . . assisted coassembly.”” The transition from 0D perovskite
performances. For instance, the Ag nanowires (NWs) with 5 ,
) . s quantum dots to 1D NWs™ and eventually growth into 2D
tunable diameter exhibit better flexibility and comparable . 26 . . .
. 13,14 . perovskite nanosheets™ would basically require a high-
optoelectronic performance, while the Ag nanoplates » .
a . temperature solvothermal condition to activate the surface
exhibit a widely tunable surface plasmon resonance (SPR)
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current-carrying capacity (1.5 X 10° A cm™),° and the single- Obviously, the surfactant acting as stabilizers can reduce the

crystalline Te NWs exhibit both chirality-dependent charge-to- surface energy of nanomaterials, but further impedes their
spin conversion phenomena'” and controllable inverse photo-
conductance.'® As a comparison, the 2D tellurium (tellurene) Received: March 15, 2024
would like to show chirality-dependent properties, such as Revised:  May 19, 2024
opposite spin textures, current-induced spin polarization, and Accepted:  May 20, 2024
circular photon drag effect."” ™" These differences might be Published: June 12, 2024
attributed to the low-dimensional confinement with different

symmetry. Therefore, optimizing material growth techniques
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transdimensional growth. Furthermore, in addition to the
solvothermal strategies, interfacial synthesis has become well-
known for directing the assembly of precursors or the
nucleation and growth of intermediates at a confined interface,
showing advantages in fabricating monolayer nanofilms.**~>'
In particular, pioneered by Yang and co-workers, the liquid—air
interface, typically including the Langmuir—Blodgett (LB)
method, has been utilized to assemble individual inorganic
nanostructures, such as nanowires,32’33 nanorods,34 and
nanoparticles,”>*® into ordered monolayer nanofilms. For
instance, a centimeter-scale copper-based metal—organic
framework film with precisely oriented structure was fabricated
via a semiautomatic liquid—air method.”” A chiral CdSe/CdS
nanorod film was prepared by controlling the rotation angle
between different layers.”® In recent years, precise control of
the transformation from OD nanostructures to ordered 2D
planar arrays and 3D supercrystals with intricate architectures
has been experimentally verified,®® while nanoparticle-based
superstructure phase diagrams have been established for
providing well prediction under various solvent evaporation
conditions.””* Despite these successful preparation methods
of nanofilms, less researches have concerned on the crystal
plane orientation of nanowires because the lack of crystal plane
information and the high aspect ratio induced difficulties in
assembly, while achieving the precise control over interfacial
synthesis and identifying the driving force for dominating the
nanowire oriented attachment remains challenging.””*'

Herein we report an in situ interfacial-assembly-induced
interfacial synthesis (IAIS) strategy for the controlled
preparation of a centimeter-scale quasi-2D nanofilm by using
a well-aligned 1D NW film as a precursor, which shows an
ordered crystal plane due to the oriented attachment process.
Ensemble-averaged energy sampling of 1D NWs on the
liquid—air interface reveals the lowest interaction energy in
configurations of ordered crystal orientation. Our experiment
and synchrotron-based small-angle X-ray scattering (SAXS)
results indicate that NWs prefer to gradually attach and be
constrained to the quasi-2D nanofilm with good crystallinity.
The molecular dynamics and Monte Carlo simulations were
used to elucidate the oriented attachment process and the
driving force for the 1D-to-2D transformation.

B EXPERIMENTAL SECTION

All chemicals were commercially available from Sinopharm Chemical
Reagent Co. Ltd. and used in this experiment without further
purification.

Synthesis of Te NWs. Te NWs were synthesized via a modified
hydrothermal process, as reported previously.”* In detail, 4 mmol of
Na,TeO; and 2.5 g of polyvinylpyrrolidone (PVP) were added to 64.5
mL of deionized water to form a homogeneous solution.
Subsequently, 8 mL of ammonium hydroxide and 4 mL of hydrazine
hydrate were added, and the mixture was stirred for 30 min. After
mixing homogeneously, the solution was transferred into the
autoclave reactor and kept at 180 °C for 6 h. With natural cooling
at room temperature, the obtained Te NW raw solution was stored at
4 °C before use. In a similar process, Te NWs with tunable diameter
could be obtained by adjusting the dosage of hydrazine hydrate. As
characterized, nanowires with two different sizes (19.5 + 1.1 and 12.2
+ 0.7 nm) were applied the followed experiment (Supplementary
Figure 1).

Interfacial Synthesis of the Quasi-2D Te Nanofilm. The
quasi-2D-Te film was obtained via an interfacial synthesis process.
First, 1 mL of Te NW raw solution was precipitated by 3 mL of
acetone and then dispersed in 1 mL of DMF to form a homogeneous
solution. Then an equal volume of chloroform (1 mL) was added to
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the mixed solution and shaken evenly. The formed solution was
dropped onto the water surface at the trough of an LB machine
(Finland Kibron, G2-LB) via a 100 uL microsyringe and a total
volume of 500 yL. After waiting 10 min for the evaporation of solvent,
the nanowire film floating on the water surface was compressed at a
speed of 0.06 mm/min (at both barrier side), which finally afforded
an aligned monolayer NW film at 70 min. Subsequently, the formed
NW film was transferred onto the glycol surface and moved to an
oven. The oriented attachment process was performed at 180 °C for
Xh (X=4,6,8, 10, 12) under a vacuum environment. After heating,
the quasi-2D Te film was obtained and could be transferred to any
substrates for further characterization.

Fabrication of Electronic Devices. Te NW monolayers and
quasi-2D Te film were transferred onto precleaned Si/SiO, (SiO,
layer with a thickness of 100 nm) substrates, respectively. The
electrode pattern was created in the Micro and Nanoscale Research
and Fabrication Lab at our university. After coating with a layer of AZ
6112 photoresist film with a thickness of 1 ym, a precision photomask
was used to obtain the designed pattern via standard UV
photolithography coupled with electron-beam evaporation. Hundreds
of patterned electrodes were fabricated on a large-scale film. The
testing process was performed in a probe station to electrically
connect with Au electrodes, and the data were recorded by a Keithley
4200-SCS testing system.

Sample Characterizations. XRD analyses were carried out with
a Rigaku DMax-gA rotation anode X-ray diffractometer equipped with
graphite-monochromatized Cu Ka radiation (4 1.54178 A).
Transmission electron microscopy (TEM) images were obtained
from a Hitachi H7650 transmission electron microscope with a CCD
imaging system at an acceleration voltage of 100 kV. High-resolution
TEM (HRTEM), scanning TEM (STEM) images, and in situ movies
were performed on a JEOL ARM-200F transmission electron
microscope at an acceleration voltage of 200 kV. Selected-area
electron diffraction (SAED) was carried out with the ARM-200F
microscope. The Raman spectra were carried out with a Renishaw
inVia Reflex Raman spectrometer with an edge filter cutoff of 112
cm™'. The laser excitation wavelength was 632.8 nm. A linear
polarizer was placed in front of the spectrometer to polarize the
reflected light in the same direction as the incident light. By rotating
the nanofilm, an angle-resolved Raman spectrum can be obtained.
The electrical resistance of the devices was measured through the I-V
testing program via the Keithley 4200 SCS testing system.

Ensemble-Averaged Interaction Energy Sampling of 1D
Nanowires on the Liquid—Air Interface. In order to investigate
how the ordered crystal orientation emerges on the liquid—air
interface, we sampled the ensemble-averaged interaction energy as a
function of the NW orientation ordering as follows.

To quantitatively describe the orientation ordering of NWs, we
define the orientation of the ith NW, ¢, as the angle between the
positive X axis (which is parallel to the liquid—air interface) and the
normal vector of the (100) facet closest to the positive X axis, as
shown in Figure 1b. ¢; is positive if the normal vector is in the first
quadrant and negative if it is in the fourth quadrant, so that ¢, € [—z/
6, n/6]. For an ordered NW configuration with face-to-face
arrangement, all of the ¢; are 0, while for a disordered arrangement
the ¢, are randomly distributed in [—7/6, 7/6). Thus, we introduce
an order parameter Q to measure the orientation orderingas Q=1 —
P/ (7/6), Where ¢, is the maximum value that I can reach
(Figure 1b). As Q increases from 0 to 1, the orientation of NWs
changes from disordered to ordered (Figure 1b).

The attractive interaction between the crystal plane of NWs can be
described similarly to the form of Debye—Hiickel electrostatic
screening,“ and hence, this interaction between the ith and jth
NWs can be written as

1

:
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Figure 1. (a) Schematic illustration of Te NWs floating on the water surface, rotating from a disordered crystal plane to an ordered one. (b)
Schematic illustration of NWs showing random orientation for Q = 0.5 and ordered crystal plane for Q = 1, respectively. These NWs are arranged
with a fixed distance AL between two neighbors. The orientation ¢, is shown in the rightmost one. The definition of the order parameter Q which
can characterize the orientation ordering is given at the bottom, in which ¢, is the maximum value that l¢| can reach. (c) Dependence of the
ensemble-averaged interaction energy U, on the order parameter Q. The insets are typical snapshots of two NWs as examples at Q = 0, 0.5, and 1,
respectively. (d) TEM image of NW film with ordered crystal plane. The inset shows the corresponding SAED image. (e) XRD patterns of Te NW

films with ordered (out-of-plane, in-plane) and disordered structures.

where C is the interaction strength, A™' is the corresponding screen
length, a is the side length of NWs, and Ary; is the distance between
the centers of the ith and jth NWs. Herein, the first factor rapidly
decreases as Ar;; increases. The last two factors represent the influence
on the attractive interaction by the orientation of NWs. Note that the
repulsive interaction between NWs is caused by the volume exclusion
of the soft surfactant attached to the NW surface, which is almost
unchanged with different ¢;. Thus, for a configuration of Ny NWs, the

total interaction U, of the system then can be written as

20000

No No

U= X

i=1 j=1j#i

Ar b, 6)

In the experimentally obtained assembly, the gaps between 1D
NWs are nearly equal and fixed. Thus, we consider NWs separated
with a fixed distance AL between adjacent ones so that Ar; = li —
JIAL. During sampling, we fix Ny = 10, C= 107 and A = 1. Based on
the experimental data, it is known that the average diameter of NWs is
19.5 + 1.1 nm and the average NW separation distance is 21.5 nm.
Therefore, we fix 2a = 1 and AL = 1.1. For each value of Q, we
calculate U, for an ensemble of 10° samples with ¢; randomly

https://doi.org/10.1021/jacs.4c03730
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Figure 2. Oriented attachment process of aligned Te NW film to quasi-2D Te nanofilm. (a) Schematic illustration of the oriented attachment
process in which aligned NWs are transformed into a quasi-2D Te nanofilm. (b) TEM image of the obtained quasi-2D Te nanofilm. The inset
shows a photo of a quasi-2D Te nanofilm with a diameter of 6 cm. (¢, d) HRTEM images of aligned Te NWs and quasi-2D Te nanofilm (reaction
at 180 °C for 12 h), respectively. The white dashed lines represent the boundaries of nanowires, and the yellow labels mark NW-1, NW-2, and
nanogaps. (e) Fourier transform infrared (FT-IR) spectra of pure PVP, Te NW film, and quasi-2D Te nanofilm. (f) 2D SAXS scattering patterns of
the nanofilm formed at different reaction times to reveal the structure evolution. (g) In-plane SAXS diffraction patterns at various reaction times.

distributed in [~ Pma)- The obtained U, dependent on Q is
presented in Figure 1b.

B RESULTS AND DISCUSSION

Formation of the Monolayer Te NW Film with
Ordered Crystal Orientation. As the research model, Te
NWs were first synthesized via a hydrothermal process and
assembled into an ordered NW film at the liquid—air interface,
as reported previously.** Due to their anisotropic chiral crystal
structure, the morphology of Te NWs was approximately
hexagonal but not perfect cylinder.”> The alignment of Te
NWs also shows ordering in the crystal structure. As illustrated
in Figure la, the aligned Te NWs were first formed on the
liquid—air interface with random crystal orientation and then
rotated to NWs with ordered orientation with the same crystal
direction.

To elucidate the transformation process on the liquid—air
interface, ensemble-averaged interaction energy sampling of
the aligned 1D NWs with different orientations ¢; was
performed (Figure 1b). Here we introduced an order

parameter Q to measure the NW orientation ordering as Q
=1 — ¢/ (7/6) where ¢, is the maximum value that l¢p,
can reach (details can be found in the Experimental Section).
Therefore, NWs with random crystal plane distribution
resulted in Q = 0, while NWs with face-to-face ordered
arrangement led to Q = 1 (Figure 1b). Figure lc shows the
dependence of the ensemble-averaged interaction energy U,
on the order parameter Q. The calculated results reveal that U,
decreases monotonically as Q increases, indicating that U,
arrives at its minimum when Q is equal to 1, ie., the system
reaches the steady state when the configuration of adjacent
NWs is perfectly face-to-face. In other words, individual NWs
will rotate on the interface to adjust their crystal orientation to
reduce the interaction energy of the assembly structure (Figure
1d). According to the selected-area electron diffraction
(SAED) pattern in the final assembly stages, the NW film
with ordered crystal plane shows distinct diffraction points
(inset of Figure 1d), while the NW film with a disordered
crystal plane shows diffraction rings (Supplementary Figure 2).
Furthermore, as shown in Figure le, the X-ray diffraction

https://doi.org/10.1021/jacs.4c03730
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Figure 3. (a) Schematic of the system: Te NWs lie on the liquid—air interface and are arranged with the separation distance AL due to the
adsorbed surfactant. Each NW is considered a rigid chain consisting of many hexagonal units, as presented by the blue lines. The right side picture
is the cross-section of a unit with a center of mass located at r; and the orientation ¢;. (b) Typical snapshots at t = 0, 5, 15, 25, and 35, respectively.
Herein, the unit of time is 0.4 h. For clarity, all these snapshots are zoomed in so that only three NWs can be observed, and neighboring NWs are
filled in different colors (blue or green). (c) Dependence of the average separation distance AL on the evolution time t.

(XRD) pattern of the ordered NW film (out-of-plane) with
highly ordered crystal plane shows two distinguished peaks for
(100) and (110), while that of NW film with disordered crystal
plane exhibits more peaks, which confirmed that the (110)
plane is verticle to the substrate. Besides, the (101) (and also
(202)), (102), and (003) peaks are detected in the in-plane
XRD spectrum, while the (110) peak disappeared, which
confirmed the attachment between (100) planes. Moreover, as
shown in Supplementary Figure 3, the intensity profile of the
(101) lattice parameter with respect to the azimuthal angle of
the incident radiation shows the four maxima observed at 31°,
145°, 211°, and 325°. The adjacent angle is 114° and 66°,
respectively, which is consistent with the included angle
between the (101) and (101) planes and between the (101)
and (101) planes of the Te nanowire crystal structure. In
addition, the intensity profile of the (001) lattice parameter
concerning the azimuthal angle of the incident radiation shows
the two maxima at 90° and 270°, confirming the anisotropic
structure of the Te nanowire crystal. Furthermore, the
scanning transmission electron microscopy (STEM) image in
Supplementary Figure 4 also confirmed the crystal orientation
of ordered nanowires and that the cross-section of the crystal
exhibited the face-to-face aligned structure. Therefore, these
diffraction patterns verified the orientation process of NW
crystal planes at this special assembly stage.

Formation of the Quasi-2D Te Nanofilm via Inter-
facial Attachment Process. The obtained ordered NW film,
with the same crystal plane orientation, shows surfactant
attached to the NW surface and forms inevitable gaps between

NWs. To investigate the transformation from 1D NWs to the
2D nanofilm, we performed an in situ IAIS strategy on the
liquid—air interface and explored their dynamic attachment
process (Figure 2a). In detail, the obtained aligned NW film
was transferred onto the surface of ethylene glycol because of
its high boiling point and good solubility of the surfactant.
Then with the increased temperature of the environment,
detachment of the surfactant facilitates the oriented attach-
ment of NWs, resulting in the formation of the macroscale
quasi-2D nanofilm. The obtained quasi-2D nanofilm shows a
compact nanostructure as the boundaries of NWs are
connected together (Figure 2b). As a comparison, before the
in situ heating process, aligned NWs show an apparent gap of 2
nm between the adjacent NW-1 and NW-2 (Figure 2c; the
white dashed lines represent the boundaries of nanowires).
After 12 h of reaction, NW-1 and NW-2 were bound together
to form the quasi-2D nanofilm with connected boundary but
no gap (Figure 2d). According to scanning electron
microscopy (SEM) images at different locations of the
nanofilm (Supplementary Figure S), the film exhibits the
same orientation but with only several pores or cracks,
demonstrating its homogeneity. Typically, the subphase
solvent of ethylene glycol with raised temperature accelerates
the dissolution of surfactant on the NW surface, which
promotes the collision and attachment of NWs on the (100)
facets. The IR result reveals the characteristic stretching
vibration peak of the carbonyl group in the Te NW film (1650
cm™"). As a comparison, that peak disappeared in the quasi-2D
Te nanofilm (Figure 2e), proving the detachment of
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Figure 4. (a) Schematic illustration of the formation of a nanopore. (b) TEM image of the obtained quasi-2D Te nanofilm, showing nanopores at
the boundaries. The white dashed lines represent the previous boundaries of NWs, and the white circles mark the nanopores. (c) Statistical
distribution of the distance between two adjacent nanopores along the length direction. (d) HRTEM image of the nanopore and the nearby
contorted crystal structure. The red dots exhibit the bending of the crystal structure. The yellow arrow marks the bending direction.

surfactant.*® More importantly, the period of the NW film
gradually decreased as the interfacial synthesis proceeded.
Therefore, we adopted small-angle X-ray scattering (SAXS)
characterization in the BL16B beamline of the Shanghai
Synchrotron Radiation Facility to address the NW film
structure evolution. The 2D scattering patterns show an
isotropic scattering ellipse shape with two symmetry peaks,
representing the highly ordered NW structure (Figure 2f).
With increased interfacial synthesis time, the corresponding
symmetry scattering peaks weakened, indicating the decrease
in the long-range order of the NW anisotropic structure, which
might be attributed to the effect of gradually increased
connection dots between ordered NWs. According to the in-
plane SAXS diffraction patterns (Figure 2g), the scattering
signals along the ordered direction showed a peak at g = 0.32
nm™" that gradually increased to q = 0.35 nm™', which
demonstrated a 9% decrease in the NW ordering period.

To further investigate the formation mechanism of the
quasi-2D nanofilm from the assembled 1D NWs, we
performed a molecular dynamics simulation of the NW
attachment process. Firstly, we ran the dynamics simulation
in a quasi-2D box consisting of 40 Te NWs separated with a
fixed distance AL between adjacent ones (Figure 3a) to be the
initial state. Each NW is discretized as a rigid chain consisting
of N hexagonal segments with the side length a4 and thickness
d. In the initial state, the repulsive interaction caused by the
volume repulsive interaction of surfactant adsorbed on the NW
surface is in balance with the attractive interaction between the
crystal plane of NWs. When NWs were transferred onto the
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surface of ethylene glycol under an elevated temperature, the
surfactant preferred to dissolve in ethylene glycol rather than
stay at the liquid-gas interface or attach on the surface of NWs,
leading to shorter and shorter equilibrium distances between
NWs with increasing time (details can be found in the
Supplementary Methods 1). According to the simulation
results, the dynamic attachment movie and typical snapshots
are shown in Video S1 and Figure 3b, respectively. For clarity,
all these snapshots are zoomed in with only three NWs. It can
be seen that all NWs are arranged in parallel with the same
separation distance in the initial time. As time increases, NWs
become closer and closer due to the repulsive interaction is
weaker than the attractive one. In addition, with the increased
temperature, the Brownian movement would certainly be
accelerated because of the thermal noise, leading to the shaking
and colliding of NWs with each other. As the reaction time
prolongs, the collision points of NW pieces coalesce together
and gradually expand, much like the zipper closing process.
Finally, NWs aggregate together to form a nanofilm with many
nanopores. In order to quantitatively characterize this
attachment process, the time dependence of the average
separation distance of two adjacent NWs, AL, is plotted in
Figure 3c. It is observed that AL decreases with increasing time
first and finally remains constant, representing that the system
reaches a steady state, which aligns with the observed
experimental result (Supplementary Figure 6). To summarize,
the origin of this attachment process of NWs results from the
imbalance between the attractive interaction of NWs and the
repulsive interaction of NWs caused by the attached surfactant.
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Figure 5. (a) Typical snapshots at the MC steps t = 0, 10%, 2 X 10% 5 X 10% and 2 X 107, respectively. (b) The energy caused by adjacent atoms for
all sites. The black lines are the boundaries of nanowires in the initial state. (c) Height mapping of aligned Te NWs and quasi-2D Te nanofilm. (d)
STEM image of the attachment interface of the quasi-2D Te nanofilm. The yellow labels mark NW-1 and NW-2. (e) Dependence of the total

energy of the system E on the evolution MC step t.

When NWs are transferred onto the surface of ethylene glycol
under an elevated temperature, surfactant prefers to detach
from the surface of NWs and dissolve in the solvent, leading to
a weaker repulsive interaction than the attractive one.

During the oriented attachment process, both the experi-
ment and simulation results confirm the existence of defects on
the 2D nanofilm. As an example presented in Figure 4a, the
bottom and top of the NW (marked as blue) are closer to its
left neighbor (marked as green), while the middle part is closer
to its right one, caused by thermal noise.””*® Because the
attractive interaction of NWs gets more robust with the
decreasing separation distance, the bottom and the top of the
blue NW would attach on its left neighbor while the middle
part would attach on its right one, forming three attachment
points and further leading to a nanopore. Due to the high
aspect ratio, plenty of attachment points on the NW boundary
will simultaneously form, which inevitably produces many
nanopores and causes stress between NWs. As a result, the
nanopores with different elliptical morphologies can be
confirmed (Figure 4b). By statistical calculation, 70% of the
pore distances in the length direction are concentrated in the
range of 40—70 nm (Figure 4c and Supplementary Figure 7).
Therefore, the attachment of adjacent NWs and the evolution
of these defects is vital to the transformation process.
Significantly, most of the nanopores show different shapes,
such as the ellipse forms and the strip forms (Supplementary
Figure 8), and the crystal structure near the pores has some
conspicuous tortuosity (Figure 4d), further confirming that the
bending of NWs induced by thermal noise is responsible for
the formation of nanopores.

Morphology Changes of Te NW in Cross Section at
the Atomic Scale. Once NWs collide to attach together, the
lower amount of surfactant on the NW surface led to an
unstable state of the nanofilm. The potential energy difference
of Te atoms on the top of NWs would result in an unstable
disturbance, which might cause the rearrangement of surface
atoms for the minimum energy of the nanofilm. In order to
elucidate the rearrangement dynamics at the atomic scale, we
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employed Monte Carlo (MC) simulations (Supplementary
Methods 2) to investigate how the morphologies of NWs and
nanopores change. As shown in Supplementary Figure 9,
according to the special hcp crystal structure of Te NWs, we
adopt a configuration (with periodic boundary conditions)
consisting of three layers of Te atoms as an example. Thus,
individual Te atoms (shown as red balls in Supplementary
Figure 10) have three types of adjacent atoms, and the system’s
total energy (E,) is concerned with the moving atom’s
position. As shown in Figure Sa, 10 perfectly lapped NWs
attached without any gaps are defined as an ideal initial
configuration. Each side of the NW includes 20 atoms
(corresponding to an NW with a diameter of around 20
nm), and consequently, the total number of atoms in the
configuration is 33630. As reaction time increases, the Te
atoms move from the sites on the convex boundary to sites on
the concave so that the hexagonal NWs become more and
more flattened (Supplementary Video 2). In detail, the energy
caused by adjacent atoms for all sites in the initial state is
presented in Figure Sb. As the energy of occupied sites inside
NWs is lower than that on the boundary, Te atoms prefer a
configuration with a smaller surface-to-volume ratio to obtain
lower total energy. Therefore, Te atoms will move from the
sites on the convex boundary to the concave boundary,
eventually leading to a flattened nanofilm (Supplementary
Methods 2). The height mapping of the AFM image confirmed
the surface fluctuation of the quasi-2D nanofilm (Figure Sc and
Supplementary Figure 11), which is in accordance with the
simulation results. The STEM image of the boundary
confirmed the well-attached edge of Te NWs (Figure 5d).
Besides, the dependence of the system’s total energy on the
evolution MC step reveals that after passing a barrier, the
energy decreases to a constant with fluctuations, indicating the
steady state of nanofilm (Figure Se).

Furthermore, we also consider the initial configurations of
lapped NWs with nanopores of three different sizes. As
respectively presented in Supplementary Figure 12, all
nanopores change from large to small (Supplementary Videos
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3, 4, and S). The underlying mechanism is similar to that
mentioned above: Te atoms prefer to move from the sites on
the convex boundary to sites on the concave boundary,
including the nanopore, to obtain a smaller surface-to-volume
ratio. Finally, the smallest nanopore is filled with Te atoms
(Supplementary Figure 12g), while the other two larger ones
still exist but become much smaller (Supplementary Figure
12hi). The total energy of each system shows a similar
decreasing tendency and finally maintains constants with
fluctuations (Supplementary Figure 12j—I1), indicating that
systems with smaller and even disappearing nanopores reach a
steady state.

Anisotropic Properties of the Quasi-2D Nanofilm. The
transformation of Te from an aligned NW monolayer to a
quasi-2D nanofilm can also affect their intrinsic properties. We
characterized the optical properties of the quasi-2D nanofilm
by polarized Raman spectroscopy at room temperature. As
shown in Figure 6a, the Raman spectrum shows three peaks at

(a)

Te NW film 0°
quasi-2D Nanofilm 0°

| <0, A1

Intensity (a.u.)

80 120 160 200
Raman (nm™)

Figure 6. (a) Raman spectra for 1D Te NW film and quasi-2D Te
nanofilm with 0° degree polarization that parallel to the nanowire
orientation. (b) Angle-resolved Raman spectra for quasi-2D Te

nanofilm with A; mode located at 122 cm™.

92, 122, and 143 cm™ corresponding to the E;, A, and E,
modes, which is in agreement with the previous reports.”” The
A, mode represents the chain expansion mode, in which each
atom moves in the basal plane (100), while the additional two
degenerate E, and E, modes can be attributed to bond bending
along the a axis and bond stretching along the ¢ axis (001),
respectively (Supplementary Figure 13).

As shown in Figure 6, the assembled structure of Te NWs
shows a low-anisotropy absorption of the A; mode in the
Raman spectra. During the transformation process, the A,
mode gradually shifts from 121.5 cm™' to the high-wave-
number side (122.7 cm™) for the quasi-2D nanofilm in the
parallel direction, revealing that the atom structure changes in
the basal plane (100) (Figure 6a). Besides, the E; mode in the
quasi-2D nanofilm splits into a doublet at 93.4 and 103.8 cm™
for transverse (TO) and longitudinal (LO) phonons,
respectively, similar to previously reported bulk or nano-
structured tellurium.’”>" As the period and thickness decrease,
the deformation potential in the quasi-2D nanofilm lattice
increases while the electro-optic effect weakens, leading to the
appearance of the E;(LO) mode in the Raman spectrum for
quasi-2D Te crystals. We extracted the peak intensities of the
A mode by fitting with a Lorentz function and plotted them in
a polar curve (Figure 6b). It is worth noting that the A, plot
shows a minimum intensity and a maximum intensity due to
the rotation of nanofilm, indicating the anisotropic interference
effect of the quasi-2D nanofilm, which confirms that the helical
Te atom chains are oriented along the growth direction and

match the TEM results (Figure Sd). Besides, due to the
coalescence between two adjacent NWs, the crystal structure
changed to form a microscale 2D material, which alters the
electrical transport property. Moreover, electric conductivity
was also improved as the gap between NWs disappeared
(Supplementary Figure 14).

B CONCLUSION

In summary, we have developed an IAIS strategy for preparing
centimeter-scale quasi-2D Te nanofilms with good crystallinity
and considerable anisotropic transport properties. The
formation process mainly contains the crystal plane orientation
and the oriented attachment between Te NWs. For the crystal-
plane-oriented process, the lowest ensemble-averaged inter-
action energy of 1D Te NWs on the liquid surface confirmed
the configurations of the ordered crystal orientation. For the
oriented attachment process, the molecular dynamics simu-
lation demonstrates the behavior of the attached NWs with
each other under an elevated temperature, driving the
transformation from aligned 1D NWs into a quasi-2D Te
nanofilm. In addition, the experimental results as well as the
MC simulation prove the underlying mechanism of morpho-
logical changes during the attachment process. That is, Te
atoms prefer to move from the sites on the convex boundary to
sites on the concave boundary to obtain a smaller surface-to-
volume ratio, leading to flattening of the nanofilm and
diminishment of the nanopores. Identifying the pathways for
the formation of these quasi-2D nanofilms involving 1D-to-2D
transformations provides critical insights into the design and
synthesis of 2D materials.
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