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Omni-Directional Assembly of 2D Single-Crystalline Metal
Nanosheets

Seungyeon Kim, Ho Kwang Choi, Young-Seok Song, Min-Young Seo, Hyunjung Lee,
Sukang Bae, Byung Joon Moon, Seoung-Ki Lee, Sang Hyun Lee, and Tae-Wook Kim*

Scalable and cost-effective fabrication of conductive films on substrates with
complex geometries is crucial for industrial applications in electronics. Herein,
an ultrasonic-driven omni-directional and selective assembly technique is in-
troduced for the uniform deposition of 2D single-crystalline copper nanosheets
(Cu NS) onto various substrates. This method leverages cavitation-induced
forces to propel Cu NS onto hydrophilic surfaces, enabling the formation of
monolayer films with largely monolayer films with some degree of nanosheet
overlap. The assembly process is influenced by solvent polarity, nanosheet
concentration, and ultrasonic parameters, with non-polar solvents significantly
enhancing Cu NS adsorption onto hydrophilic substrates. Furthermore, selec-
tive assembly is achieved by patterning hydrophobic and hydrophilic regions
on the substrate, ensuring precise localization of Cu NS films. The practical
potential of this approach is demonstrated by fabricating a Cu NS-coated
capillary tube heater, which exhibits excellent heating performance at low op-
erating voltages. This ultrasonic-driven and selective assembly method offers
a scalable and versatile solution for producing conductive films with tailored
geometries, unlocking new possibilities for applications in flexible electronics,
energy storage, and wearable devices with complex structural requirements.

1. Introduction

Conductive thin films are foundational components in myr-
iad technologies, including flexible electronics, sensors, energy
storage devices, and electromagnetic shielding materials.[1–6]

The ability to fabricate these films, particularly on substrates
with complex geometries or flexible forms, is crucial for the

S. Kim, H. K. Choi, Y.-S. Song, M.-Y. Seo, H. Lee, T.-W. Kim
Department of Flexible and Printable Electronics
LANL-JBNU Engineering Institute-Korea
Jeonbuk National University
Jeonju 54896, Republic of Korea
E-mail: twk@jbnu.ac.kr

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/adma.202501632

© 2025 The Author(s). Advanced Materials published by Wiley-VCH
GmbH. This is an open access article under the terms of the Creative
Commons Attribution-NonCommercial License, which permits use,
distribution and reproduction in any medium, provided the original work
is properly cited and is not used for commercial purposes.

DOI: 10.1002/adma.202501632

advancement of next-generation electronic
devices.[7,8] Traditional methods of deposit-
ing conductive films, such as vacuum evap-
oration, sputtering, and chemical vapor de-
position, often require high-vacuum en-
vironments and are limited to flat, rigid
substrates.[9–15] These constraints hinder
the integration of conductive films into flex-
ible or 3D structures, which are increas-
ingly in demand for wearable electronics,
soft robotics, and biomedical devices.[16–18]

Solution-based processing techniques
— including spin-coating, dip-coating,
spray-coating, inkjet-printing, and blade-
coating — have emerged as promising
alternatives due to their simplicity, cost-
effectiveness, and scalability.[19–23] These
methods allow for the deposition of con-
ductive materials on a wider range of
substrates and are compatible with roll-to-
roll manufacturing processes. However,
they often face challenges in achieving uni-
form films, particularly on substrates with
arbitrary shapes or non-planar surfaces.

While metal nanoparticles, nanowires, and carbon-based ma-
terials can be used as solution-processable conductive fillers
in these methods, each has drawbacks due to their shapes.
These limitations highlight the need for alternative conduc-
tive fillers that can overcome these challenges and enable the
fabrication of high-performance conductive films on diverse
substrates.
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Recently, 2D nanomaterials have attracted significant atten-
tion due to their unique structural properties and electrical, opti-
cal, and mechanical characteristics.[24–28] The representative 2D
materials such as graphene, transition metal dichalcogenides,
and metallic nanosheets, have shown great potential in electron-
ics, photonics, catalysis, and energy devices.[29–32] Specifically, 2D
metal nanosheets of metals such as gold, silver, and copper have
been investigated for their excellent electrical conductivity and
large surface area.[33,34] Copper nanosheets (Cu NS) are partic-
ularly appealing because of copper’s high electrical conductiv-
ity, abundance, and low cost.[35] The large lateral dimensions
and atomic thickness of 2D Cu NS allow them to form contin-
uous conductive networks with fewer junctions, which can en-
hance electrical performance.[33,34,36,37] Their planar geometry en-
hances contact with substrates, potentially improving adhesion
and film uniformity, compared with lower-dimensional copper-
based metallic fillers. Although 2D metallic nanosheets possess
numerous advantages as innovative solution-processable con-
ductive fillers, conventional solution-based printing cannot fully
harness their dimensional uniqueness. This limitation restricts
the fabrication of diverse film architectures and hinders the re-
alization of their full potential. This creates a pressing need to
develop novel processes that enable the fabrication of thin films
on various substrates, leveraging the unique properties of 2D
nanosheets to achieve high-performance conductive films.
Ultrasonication is widely used in nanomaterial processing to

disperse particles, exfoliate layered materials, clean substrates,
and degas liquids.[38–42] The technique involves applying high-
frequency sound waves (typically 20 kHz to several MHz) to a
liquid medium, inducing acoustic cavitation, which is the forma-
tion, growth, and implosive collapse ofmicrobubbles in liquid.[43]

The collapse of these bubbles generates localized high temper-
atures and pressures, leading to physical and chemical effects
that can influence particle behavior.[43,44] Additionally, the implo-
sion of bubbles near solid surfaces produces high-speed micro-
jets and shockwaves, which can influence particle behavior and
fluid dynamics.[45] However, the potential of ultrasonication to
control assembly of nanomaterials on substrates has not been
fully explored.
In this work, we present a novel and versatile method for the

omni-directional assembly of 2D single-crystal Cu NS onto sub-
strates of arbitrary shapes and dimensions using ultrasonication.
This approach was inspired by an unexpected observation: dur-
ing ultrasonication of Cu NS dispersion in a glass vial, a shiny
metallic film formed on the inner walls. This phenomenon sug-
gested that cavitation induced by ultrasonic waves could facilitate
uniform and simultaneous assembly of conductive nanosheets
onto surrounding surfaces.We systematically investigated the as-
sembly behavior by examining the roles of solvent polarity, sub-
strate surface energy, ultrasonication time, and nanosheet con-
centration. The assembly process is governed by the interplay
between the hydrophobic nature of the copper nanosheets, the
hydrophilic nature of the substrate surface, and the choice of sol-
vent. To demonstrate the versatility and practical applicability of
our method, we fabricated a tube-shaped resistive heater by as-
sembling Cu NS on a glass capillary, achieving excellent heating
performance at low voltages.
Our findings provide new insights into the mechanisms of

ultrasonic-driven assembly of 2D metal nanosheets and intro-

duce a scalable technique for fabricating conductive films on sub-
strates with complex geometries. This opens opportunities for
integrating 2D metal nanomaterials into advanced electronic de-
vices and functional coatings where traditional deposition meth-
ods are inadequate.

2. Results and Discussion

As a conductive filler, the 2D single-crystal copper nanosheets
were synthesized by a conventional hydrothermalmethod.[33,34,46]

After purification, triangular or truncated triangular-shaped
nanosheets with an average edge size of 7 μm and a thickness
of ≈30 nm were obtained (Figure S1, Supporting Information).
Compared with conventional low-dimensional metal nanomate-
rials (e.g., nanoparticles or nanowires), our 2Dmetal nanosheets
allowed us to cover a desired substate with large area due to the
sheets’ structural uniqueness in terms of dimension. To assem-
ble 2Dmetal nanosheets on a desired substrate, we carefully pre-
pared a substrate through a typical ultrasonic cleaning process
followed by subsequential dipping of the substrates in prepared
solvents, such as acetone and isopropyl alcohol (IPA). Immedi-
ately after careful drying in a convection oven, ultraviolet (UV)
ozone treatment was carried out to modify the interfacial prop-
erty and further remove organic residues on the substrate. Be-
cause we used a conventional glass or thermally growth silicon
dioxide on silicon (SiO2/Si) substrate with an atomically flat sur-
face, the surface property of the substrates became hydrophilic
after cleaning, which is indicative of a high surface energy.
To create conductive metallic thin films on substrates with ar-

bitrary shapes and dimensions using solution-processable tech-
niques, conventional solution-based processing methods such
as spin-coating, dip-coating, spray-coating, inkjet-printing, and
blade-coating can be used depending on the type of conductive
filler.[33,34,46–55] Our discovery of the omni-directional assembly of
2Dmetallic nanosheets originated from the observation of an un-
conventional phenomenon that occurred during the ultrasonica-
tion of 2DCuNS in a glass vial to improve dispersion in a solvent.
After a period of ultrasonication, the 2D Cu NS formed a shiny
metallic film on the inner wall of the glass vial. Although ultra-
sonication is widely used to disperse nanomaterials, exfoliate lay-
ered materials, clean substrates, and degas liquids, few attempts
have been reported on the simultaneous and omni-directional
assembly of conductive fillers on a substrate via acoustic (ultra-
sonic) waves.
To understand the assembly of 2D Cu NS via ultrasonica-

tion, we carried out ultrasonic-driven assembly of various cop-
per nanocrystals with different dimensions including 0D copper
nanoparticles (0D Cu NPs), 1D copper nanowires (1D Cu NWs),
and 2D Cu NS onto a glass substrate, as shown schematically
in Figure 1A. Figure 1B shows photographic images of the sub-
strate, a schematic diagram, and scanning electron micrograph
(SEM) images after ultrasonic-driven assembly of 0D, 1D, and 2D
copper nanocrystals. The ultrasonic processed glass substrates
with both 0D Cu NPs and 1D Cu NWs did not show any assem-
bly or adhesion on the substrate after ultrasonication process. Al-
though some particles and nanowires remained after the process,
the appearance was relatively random and no uniform or con-
trollable assembly was visible on the substrate, as shown in the
SEM images. However, the apparent change in the color of the
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Figure 1. Ultrasonic-driven assembly of copper nanosheets. A) A schematic of the ultrasonic-driven assembly process. Ultrasonic waves generate cavi-
tation bubbles in the solvent, which collapse and produce microjets that propel copper nanosheets toward the substrate, facilitating uniform deposition.
B) Comparison of copper nanostructures after ultrasonication. SEM images, photographs, and schematic diagrams of copper nanoparticles (0D), cop-
per nanowires (1D), and copper nanosheets (2D) on substrates post-ultrasonication; inset shows a scale bar of 5 mm. The 2D copper nanosheets
exhibit superior substrate coverage and uniformity compared to their 0D and 1D counterparts. C) Cavitation formation and influence of acoustic forces.
Schematic representation of cavitation bubble formation during ultrasonication and the resulting acoustic forces acting on the 2D metal nanosheets.
D) Possible assembly scenarios under ultrasonication. Schematic diagrams illustrating two different outcomes: (①) overlapping cooper nanosheets
leading to non-uniform assembly and lift-off, and (②) well-assembled, non-overlapping copper nanosheets resulting in uniform monolayer films.

transparent glass substrate into a reddish copper implied the as-
sembly of 2D Cu NS on the glass substrate. We found that 2D
Cu NS was uniformly coated on the substrate without serious
overlap of 2D Cu NS on each other, implying a monolayer as-
sembly of copper nanocrystals with 2D characteristics. Consider-

ing conventional ultrasonication, which has been used to clean
desired substrates, microscopic bubbles generated by the ultra-
sonic wave in the solution are considered key to the assembly of
2D Cu NS or the de-assembly of 0D Cu NPs as well as 1D Cu
NWs on the substrate. Generally, as an ultrasonic wave travels
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through a solution, cavitation bubbles are nucleated by impuri-
ties or small undissolved gas bubbles in the liquid. Cavitation in-
volves repeated cycles of rarefaction and compression, leading to
rapid collapse.[56–58]

Figure 1C is a schematic of the cavitation that occurs in the 2D
Cu NSmixture solution. As depicted in the schematic, when cav-
itation collapse occurs on or near a solid surface, the solid surface
provides resistance to the liquid flow, resulting in asymmetric col-
lapse. Liquid flows into the collapsed cavity from the sides, lead-
ing to high-speed jetting of the liquid toward the surface.[58–60]

When cavitation collapse occurs in a mixture containing a sub-
strate and Cu NS, the influx of liquid is obstructed by the Cu NS,
resulting in the formation of microjets directed toward the Cu
NS, causing them to be expelled at high speed. Numerous cavita-
tion collapses occur in the direction of the Cu NS in the mixture
solution, propelling the Cu NS toward the substrate and result-
ing in their assembly on the substrate. The 2D Cu NS appears
to be well-placed on the substrate, making 2D contact between
the basal plane of the Cu NS and the substrate surface, implying
the formation of van der Waals bonds. Although van der Waals
forces are relatively weak in nature, the large surface area of Cu
NSs is considered to enhance these interactions to a meaning-
ful extent, thereby facilitating more effective contact between the
nanosheets and the substrate.[61,62] As a results, CuNS are closely
attached on the substrate after assembly. Negligible pores or gaps
form between the Cu NS and the substrate, implying limited cre-
ation of microbubbles between the 2D Cu NS and the substrate,
preventing disassembly of the Cu NS from the substrate. Due to
this cavitation effect, the ultrasonic-driven assembly is superior
when the ultrasonic output has a high intensity (40 kHz, 100%),
showing ≈82% surface coverage (Figure S2, Supporting Infor-
mation). This suggests that film formation through ultrasonic
assembly is a suitable method for 2D metal nanosheets.
We successfully fabricated a uniform monolayer Cu NS film

on a glass substrate measuring up to 2.5 cm × 2.5 cm (Figure S3,
Supporting Information). When 0D Cu NPs or 1D Cu NWs are
placed on the substrate, they form point and line contacts, respec-
tively. Because cavitation can occur wherever liquid is present
during ultrasonication, solid objects on the substrate are subject
to omni-directional forces. As 0D Cu NPs are spherical, they are
also subject to cavitation forces from all directions. As a result, 0D
Cu NPs float on the substrate and return to the solution, mak-
ing it difficult for them to settle on the substrate. Even after at-
tachment, the contact area between the substrate and the NPs
is minimal, allowing cavitation to push the NPs away from the
substrate. Likewise, thin and elongated 1D Cu NWs have a small
contact area with the substrate that is not sufficient to form van
der Waals bonds with the substrate. Even if a force due to cavita-
tion by ultrasonic waves is applied, it does not help anchor them
to the substrate, but lifts them toward the solution. The 1D Cu
NWs also cannot be attached to the substrate and return to the
solution, resulting in ineffective assembly via ultrasonic waves.
The assembled 2D Cu NS on the substrate formed uniform

and mostly monolayered metallic thin films on the substrate, as
shown in the rightmost SEM image of Figure 1B. This is com-
parable to what happens during the self-assembly of molecules
in solution. Molecular assembly is governed by strong chemi-
cal bonds between anchoredmolecular groups and the substrate.
Initially, the molecule has a chance to be absorbed onto the de-

sired surface. It then fills the voids in the substrate, meaning that
the molecule is more likely to bind to the substrate than to stay
on the assembledmolecular forest.[63,64] Cavitation collapse is one
of the strong driving forces moving 2D Cu NS from solution to
the substrate. Cu NS are then placed on the substrate at the ini-
tial stage during ultrasonication. Where the next Cu NS is going
to be placed on the substrate should be considered, as shown in
Figure 1D. For example, when two Cu NS are present in the sys-
tem, assuming the first sheet is initially attached to the substrate,
the next sheet would preferentially assemble in a manner such
that it tries to fill the empty area of the substrate rather than over-
lap with an existing sheet. When a new sheet is overlaid on an
existing sheet and a substrate, a solvent may exist in the gap be-
tween the existing sheet and the newly overlaid sheet on the sub-
strate. Cavitation in the gap leads to desorption of overlapping
Cu NS from substrate, hindering the stable assembly of new Cu
NS. However, if a new sheet is placed on the substrate without
overlapping the former sheet, the cavitation force would apply
a stronger downward force, which enables van der Waals bond-
ing between the substrate and the Cu NS. In the presence of a
large quantity of Cu NS in solution, they preferentially assemble
on the empty surface of the substrate, leading to the pseudo-self-
assembly of a 2D monolayer film of Cu NS. This behavior, un-
like traditional film-formation methods (vortex-mixing, dipping,
drop-casting, spray, etc.), enables the uniform assembly of Cu NS
across the entire substrate (Figure S4, Supporting Information).
To reveal the specific assembly process of 2D metallic

nanosheets via ultrasonic waves, we focused on the relation-
ship of the three major components in the system: the solvent,
nanosheet and substrate). As shown in Figure 1, we found that
the assembly of metallic nanocrystals strongly depends on the
contact area between matters and substrates. Because cavity col-
lapse in a Cu NS solution induces the attachment of 2D metal
nanosheets to substrates but does not lead to chemical bonding,
ultrasonic-driven assembly of Cu NS requires an investigation of
the correlation among the substrate, Cu NS, and solvent. Gener-
ally, nanoparticles have strong electrostatic interaction between
them, resulting in irreversible aggregates in water.[65,66] Surface-
capping molecules have been introduced to allow enhanced elec-
trostatic stabilization in a solvent. For example, a ligand such as
polyvinylpyrrolidone enables the dispersion of nanoparticles in
polar solvents due to their hydrophilic functional groups; this can
be difficult in non-polar solvents.[67] In the case of Cu NS, unlike
molecular-level interactions, bulk-scale assembly occurs, making
the surface’s chemical properties (such as polarity) crucial. The
physical characteristics (such as surface roughness) are also be-
lieved to significantly influence the assembly process.
Based on an understanding on the relationship between the

surface property of nanosheets and polarity of solvents, we car-
ried out ultrasonication of the nanosheets by changing vari-
ous solvents, specifically n-hexane, toluene, chlorobenzene (CB),
chloroform (CF), dichlorobenzene (DCB) and 2-propanol (IPA),
acetone (AC), ethanol (EtOH), methanol (MtOH), acetonitrile
(ACN), deionized water (DIW), and ethylene glycol (EG), for non-
polar and polar solvents (Figure S5 and Table S1, Supporting
Information). Figure 2 illustrates the representative ultrasonic-
driven assembly characteristics of Cu NS and fully oxidized Cu
NS depending on the polarity of the solvents. As with repre-
sentative noble metals such as gold and silver, pure metallic
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Figure 2. Solvent-dependent assembly of Cu NS and oxidized Cu NS under ultrasonication. A) Strong adsorption of Cu NS in non-polar solvent (CF),
in which copper nanosheets remain stable, assembling into a densely packed structure. B) Weak adsorption of Cu NS in polar solvent (DIW). C) Weak
adsorption of oxidized Cu NS in non-polar solvent (CF). D) Weak adsorption of oxidized Cu NS in polar solvent (DIW). E) A dielectric constant–
dependent phase diagram illustrating the surface coverage of Cu NS versus oxidized Cu NS across representative non-polar (CF, CB, DCB) and polar
(IPA, AC, DIW) solvents. The surface coverage is strongly dependent on both the surface state of the nanosheets (oxidized vs. non-oxidized) and the
polarity of the solvents, with optimal assembly occurring when non-oxidized Cu NS are assembled in non-polar solvents.

copper has inherently hydrophobic surface characteristics.[67,68]

However it is difficult to avoid the chemical bonding of pure
copper with oxygen-related moieties; this is responsible for hy-
drophilic characteristics.[69] Due to its special crystalline struc-
ture, our Cu NS, has a basal plane of (111), giving it superior
resistance against surface oxidation and allowing for the forma-
tion of a smooth Cu2O phase with intrinsic hydrophobicity.[70–74]

The spray-printed Cu NS film exhibited surface properties close
to hydrophobic, with ameasured contact angle of 107.12° (Figure
S1C, Supporting Information). Asmentioned previously, the sur-
face status of substrates is one of the important parameters to
achieve assembly of Cu NS on a desired substrate. Silanol groups
(-SiOH) with a terminated glass substrate possess a hydrophilic
nature.[75,76] The high adsorption activity of the surface allows it to
adsorb numerous foreign materials in an atmospheric environ-
ment, leading to a decrease in surface energy.[77,78] Similarly, the
glass substrate with high surface energy achieved after sequential
wet cleaning and UV-ozone treatment indicative of a hydrophilic
surface.When directly immersed in the CuNS solution, the glass
surface attempts to reduce its high surface energy by the assem-
bly of nearby Cu NS. When ultrasonic waves are applied to a Cu
NS solution with a non-polar solvent, it accelerates the adsorp-
tion of the hydrophobic Cu NS toward the hydrophilic glass sur-
face instead of staying in non-polar organic solvents (e.g., CF),
thereby attempting to lower the surface energy of the substrate, as
shown in Figure 2A. Additionally, it is important to consider the
influence of crystalline orientation on the surface energy of met-
als, which in turn affects their interfacial behavior. For instance,
it is well established that Cu(110) exhibits higher hydrophilicity
than Cu(111), leading to distinct wetting characteristics on metal
surfaces.[74] Owing to these differences in surface energy associ-
ated with different crystallographic planes, Cu nanosheets with
a (111) orientation are expected to provide more favorable con-
ditions for ultrasonic-driven assembly compared to those with a
(110) orientation.

To prove our hypothesis, we carried out additional ultra-
sonic assembly of Cu NS with other representative non-polar
organic solvents. We found that this phenomenon is consis-
tent regardless kinds of the choice of solvent, implying pref-
erential absorption of Cu NS on the hydrophilic glass surface
(Figure S5 and Table S1, Supporting Information). However,
the resulting sheets exhibited a completely opposite behavior
under polar solvents, as shown in Figure 2B. Initially, when
Cu NS and a hydrophilic glass substrate stay together in a po-
lar solvent, the substrates are expected to be surrounded by
polar solvent, which means that polar molecules are preferen-
tially adsorbed on the hydrophilic glass surface.[75,77] During
ultrasonication, cavitation on the glass surface becomes more
active than in a non-polar solvent due to the adsorbed polar-
solvent molecules on the hydrophilic surface.[79,80] Finally, Cu
NS are displaced from the hydrophilic substrate and return
to the polar solvent, leading to poor assembly of Cu NS on
the hydrophilic substrate in the presence of a polar solvent
(Figure 2B).
We performed further ultrasonication of the oxidized Cu NS

with the glass substrate in both polar and non-polar solvents, as
illustrated in Figure 2C,D. Unlike the previously discussed Cu
NS, the oxidized Cu NS did not assemble well onto the substrate
in either solvent. The main difference between Cu NS and oxi-
dized Cu NS was the oxidation state of the surface. Due to the
presence of oxygen at the basal plane of Cu NS, it exhibited more
interactions with the hydrogen in the organic solvents regard-
less of polarity. Moreover, the surface of the oxidized Cu NS was
rougher than that of the unoxidized Cu NS, which likely created
gaps between the oxidized Cu NS and the substrate after assem-
bly (Figure S6, Supporting Information). These gaps made it dif-
ficult to establish strong van der Waals interactions, and the for-
mation of cavitation bubbles within the gaps during ultrasoni-
cation further disrupted the assembly, causing the oxidized Cu
NS to disassemble from the substrate. As a result, the oxidized
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Figure 3. Effect of ultrasonication time and copper nanosheet (Cu NS) concentration on assembly and surface coverage. A) Impact of ultrasonication
process time on Cu NS assembly. Optical microscopy images illustrate how varying the ultrasonication time affects the surface coverage of Cu NS.
Samples were prepared using a 5 mg mL−1 Cu NS dispersion and subjected to ultrasonication for (i) 5 min, (ii) 15 min, and (iii) 25 mins. The surface
coverages were approximately (i) 32%, (ii) 58%, and (iii) 77%, respectively. B) Influence of Cu NS concentration on assembly density. Optical microscopy
images depict the effect of different Cu NS concentrations on the assembly process, with a constant ultrasonication time of 15 min. Samples were
prepared with Cu NS concentrations of (iv) 1 mg mL−1, (v) 5 mg mL−1, and (vi) 9 mg mL−1, resulting in surface coverages of approximately (iv) 22%,
(v) 62%, and (vi) 65%, respectively. C) 3D contour plot correlating surface coverage with ultrasonication time and CuNS concentration. Surface coverage
is represented as a function of both variables, highlighting the synergistic relationship between ultrasonication duration and Cu NS concentration.

Cu NS tended to remain in the solvent rather than adhere to the
substrate in both non-polar and polar solvents.[81]

While our study primarily attributes the stable assembly of Cu
NSs to van der Waals interactions, additional factors may also
contribute to their strong adhesion to the substrate. The large
surface area of Cu NSs enhances van der Waals forces, but dif-
ferences in surface energy between Cu NSs and the SiO2 sub-
strate could further facilitate stable adsorption. Electrostatic in-
teractions arising from charge transfer at the interface may also
strengthen adhesion, as previous studies suggest localized dipole
formation when Cu NSs come into contact with SiO2.

[82] Further-
more, the ultrasound-induced cavitation effect generates local-
ized high-pressure zones that promote nanosheet attachment,[59]

while capillary forces during solvent evaporation may play a role
in stabilizing the final assembly.[83] These combined effects sug-
gest that nanosheet adhesion is likely governed by a synergy of
multiple interactions rather than van der Waals forces alone.
Based on our understanding of the assembly of Cu NS on a de-

sired substrate, we further studied the degree of Cu NS assembly
with respect to processing time and the concentration of the Cu
NS solution. To investigate the influence of ultrasonication time,
a glass substrate was immersed in a 5 mg mL−1 Cu NS solution
and ultrasonication was applied for periods ranging from 5 to
30 min, in 5 min intervals. As shown in Figure 3A, longer pro-
cessing times resulted in more Cu NS assembling on the sub-
strate. Specifically, the coverages of the substrate were ≈32%,
40%, 48%, 66%, 71%, and 75% for processing times from 5 to
30 min, in 5 min increments (Figure 3A; Figure S7, Supporting
Information). We also identified the concentration-dependent as-
sembly characteristics of Cu NS in the solution, as shown in
Figure 3B. By varying the concentration of the Cu NS solution
from 1 to 11 mg mL−1 in 2 mg mL−1 increments, at a fixed pro-
cessing time of 15 min, we observed distinct differences in sur-

face coverage:≈22%, 55%, 62%, 67%, 65%, and 57%, respectively
(Figure 3B; Figure S8, Supporting Information). These results
align closely with the proposed mechanism of monolayer Cu NS
assembly on the substrate.
In the initial stages of assembly, the Cu NS were randomly

distributed across the substrate. As the process continued, the
available area on the substrate decreased, requiring more time
to fill the remaining empty spaces. This sequential assembly be-
havior resulted in a time-dependent assembly phenomenon un-
der ultrasonication. At a fixed processing time, higher concen-
trations of the Cu NS solution led to greater Cu NS deposition
on the substrate, resulting in greater surface coverage within the
same period. However, increasing processing times and Cu NS
concentrations did not result in a continuous increase in Cu NS
assembly. Notably, a slight decrease in surface coverage was ob-
served when the sonication time exceeded 25 min (Figure S8,
Supporting Information), suggesting that prolonged exposure to
ultrasonic waves may induce detachment or fragmentation of Cu
NSs due to excessive cavitation forces. This observation implies
that there exists an optimal processing window, beyond which
structural degradation of the nanosheets begins to outweigh fur-
ther assembly. In our experiments, the maximum surface cov-
erage was measured at 88.01%, indicating a practical upper limit
for uniform film formation under the given assembly conditions.
Additionally, smaller Cu NSs were found to more effectively oc-
cupy interstitial spaces on the substrate surface, thereby enhanc-
ing overall coverage (Figure S9, Supporting Information). When
Cu NSs of varying lateral dimensions were tested, those with
an average size of 5 μm achieved a surface coverage of 72.83%,
compared to 70.78% for medium-sized nanosheets (8 μm) and
54.43% for larger ones (14 μm). These findings further empha-
size the critical role of nanosheet size optimization in improv-
ing assembly uniformity and maximizing surface coverage. The
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correlations between surface coverage, processing time, and con-
centration are shown in a contour plot in Figure 3C (with fur-
ther details supplied in Table S2, Supporting Information). The
surface coverage increased with processing time and concentra-
tion, indicating that our ultrasonic-driven assembly method al-
lows for precise control of Cu NS surface coverage, which is im-
portant for practical applications in conductive metallic films. To
further explore the versatility of this approach, we investigated
whether the ultrasonic assembly method could be extended to
metal nanosheets beyond Cu NSs. Specifically, we conducted ad-
ditional experiments using Ag NSs, which also exhibit a (111)
single-crystal structure similar to Cu NSs. Ag NSs were success-
fully assembled onto the substrate, confirming the applicability
of our technique beyond Cu NSs (Figure S10C,D, Supporting
Information). However, under identical ultrasonic conditions,
the maximum surface coverage achieved with Ag NSs (38.21%)
was markedly lower than that of Cu NSs (88.01%). This differ-
ence can be attributed to variations in surface energy and sur-
face roughness. While Ag(111) possesses a lower surface energy
(1091.16 mJ m−2) compared to Cu(111) (1408.62 mJ m−2),[84] the
AgNSs exhibited significantly higher RMS roughness (7.150 nm)
than Cu NSs (3.339 nm). Increased surface roughness disrupts
van der Waals interactions with the substrate, leading to inter-
facial gaps and reduced adhesion efficiency during ultrasonic
assembly. This trend is consistent with our observations in ox-
idized Cu NSs, where increased roughness hindered effective
film formation. These findings highlight the critical influence of
surface roughness and surface energy on ultrasonic-driven as-
sembly efficiency, underscoring the need to account for material-
specific properties when applying this technique to different
metal nanosheets.Moving forward, we are actively expanding our
study to include additional metallic nanosheets with diverse crys-
talline structures and surface characteristics to gain deeper in-
sights into the fundamental mechanisms governing ultrasonic-
driven assembly.
To investigate the feasibility of ultrasonic-driven assembly of

metallic nanosheets for diverse applications, we conducted addi-
tional experiments to study the behavior of metallic nanosheets
on various substrate surfaces (Figure 4). As discussed earlier, the
assembly of Cu NS was highly dependent on the properties of
the three major components (solvent, nanosheet, and substrate)
andwas successfully achieved using a combination of a non-polar
solvent, metallic nanosheets, and a substrate with a hydrophilic
surface. In preliminary studies on the surface characteristics of
substrates, we found that the assembly behavior varied signif-
icantly on both hydrophilic substrates (e.g., glass and SiO2/Si
wafer) and hydrophobic substrates (e.g., polyimide [PI] film and
Teflon), regardless of solvent choice and the oxidation state of the
Cu NS (Figure S11, Supporting Information). These substrates
were subjected to ultrasonic waves in AC and IPA, followed by
UV-ozone treatment for 5 min. On the superhydrophilic glass
and SiO2/Si, Cu NS assembled uniformly, while on PI films,
only minimal amounts of Cu NS assembled or formed as lo-
calized films as the solvent evaporated. Because Cu NS assem-
bly depends heavily on surface energy, selective assembly was
achieved by altering the surface properties of specific areas on the
substrate. To control the surface characteristics, we introduced a
phosphonic acid–based self-assembledmonolayer (FDDPA) on a
sputtered aluminum oxide (AlOx) thin film, which imparted hy-

drophobicity, with a contact angle of 118.6°. We then exposed the
prepared substrate to UV light (254 nm) and ozone for 5 min us-
ing a shadow mask with a rectangular pattern. After UV-ozone
treatment, the surface-affected (SAM) monolayer was selectively
removed, leaving the AlOx layer with superhydrophilic character-
istics and an indiscernible contact angle (Figure S12, Supporting
Information).
To examine the preferential adsorption of Cu NS in relation to

surface energy, we subjected the prepared substrate to ultrasoni-
cation after immersing it in a mixture of Cu NS and a non-polar
solvent (CF), as shown in Figure 4A. The Cu NS selectively as-
sembled on the rectangular areas with strong hydrophilicity due
to theUV-ozone treatment, as shown in the lowermicroscopy im-
ages of Figure 4B. As explained earlier, Cu NS adsorbed on the
hydrophilic surface, reducing the surface energy of the substrate.
In contrast, hydrophobic surfaces did not allow for adsorption of
Cu NS due to their low surface energy and higher probability of
cavitation compared with hydrophilic surfaces.[85–88]

Our findings are consistent with those of previous reports on
the effect of ultrasonic cavitation on hydrophobic and hydrophilic
surfaces; gas nucleation occurred primarily on hydrophobic sur-
faces during the initial stages of ultrasonic treatment.[89] This in-
dicates that hydrophobic surfaces with high contact angles have
a lower nucleation barrier, which reduces the energy barrier for
gas nucleation. When Cu NS are assembled under hydrophilic
conditions, they easily adhere to the substrate with minimal cav-
itation, promoting film formation. However, under hydrophobic
conditions, a high concentration of microbubbles forms on the
surface, and when CuNS are jetted onto the surface, the pressure
from cavitation counteracts the attaching force, as illustrated in
the upper schematics of Figure 4B.
An ultrasonic wave, a type of acoustic wave, propagates effec-

tively through a liquid medium.[90,91] Based on our experimental
setup, when the ultrasonic wave interacts with an individual cop-
per nanosheet, it exhibits no directional preference but instead
induces random motion of the Cu NS in the solvent, driven by
cavitation forces in an omni-directional manner. While conven-
tional coating processes such as evaporation, sputtering, spray-
printing, and inkjet-printing have been used extensively to form
conductive thin films, which are essential components in both
electronic devices and functional films, these methods are inher-
ently optimized for flat, 2D substrates.[92] However, they often
face limitations in achieving uniformity and precision on com-
plex or non-planar surfaces, which restricts their versatility in
the fabrication of next-generation devices. Additionally, many of
these techniques require vacuum environments or elevated tem-
peratures, further constraining their applicability to flexible or
heat-sensitive materials. In contrast, ultrasonic-driven assembly
of Cu NSs can easily form conductive films on complex struc-
tures such as narrow wires, capillary tubes, and intricate 3D sur-
faces, as shown in Figure 5. For example, a cleaned glass teapot
was immersed in a Cu NS solution and exposed to ultrasonic
waves. In this process, both the Cu NS and solvent surrounded
the teapot in all directions, while cavitation, induced by the ultra-
sonic waves, occurred throughout the solution, enabling Cu NS
assembly even on the sharp curves of the teapot’s interior, spout,
and handle. After the ultrasonic-driven assembly, the teapot was
removed, rinsed with clean CF, and thoroughly dried, resulting
in a surface that was densely coated with Cu NS. (Movie S1,
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Figure 4. Ultrasonic-driven selective assembly of copper nanosheets (Cu NS) using patterned functionalized surfaces. A) Schematic showing the fabri-
cation steps of a patterned substrate for CuNS assembly. The process involves the cleaning and preparation of a glass substrate, deposition of aluminum
oxide (Al2O3) and a self-assembled monolayer (SAM) of FDDPA, and the application of shadow mask to create distinct areas for the targeted assembly
of Cu NS B) Schematics of the selective assembly process and optical microscopy images of the patterned substrate with assembled Cu NS. Cu NS
are directed to the patterned regions on the substrate, where the SAM removed. The red arrows indicate the forces guiding the Cu NS, while the blue
arrows show a lift-off during assembly. The images show the patterned substrate with the densely packed Cu NS within the patterned regions (scale bar:
50 μm).

Supporting Information). Optical microscopy images of the
sharply curved entrance further confirmed the dense assembly
of Cu NS. As shown in Figure 5B, the successful assembly of Cu
NS of various complex shapes, including cubes, pumpkins, and
whale figurines, was achieved. The ability to create 3D objects
such as dice through ultrasonic-driven assembly, in conjunction
with the substrate patterning characteristics mentioned earlier,
was also demonstrated. The deposition was successfully carried
out on flexible polymer substrates such as polyethylene naphtha-
late. Such results emphasize the potential of this method to pro-
vide a simple and effective way to fabricate conductive films, uni-
formly coating a variety of substrates with 2D single-crystalline
metal nanosheets.

Based on our findings and the assembly characteristics of
Cu NS, we fabricated a tube-shaped 3D resistive heater by as-
sembling Cu NS onto a glass capillary tube (Figure 6). Omni-
directional depositionmade possible by ultrasonic-driven assem-
bly allowed for the formation of conductive films of Cu NS on
the outer surface of the capillary tube. To ensure precise assem-
bly, the glass capillary tubes, which were cleaned with AC and
IPA, were immersed in the Cu NS solution and both ends were
sealed with Teflon tape to prevent deposition on the inner walls of
the tube. Figure 6A,B present photographs, optical microscopy,
and SEM images of the glass tube before and after Cu NS as-
sembly. For effective electrical conduction, the assembled Cu
NS must be closely packed to form efficient electrical contacts
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Figure 5. Ultrasonic-driven omni-directional assembly of copper nanosheets (Cu NS) on complex geometries and flexible substrates. A) Schematic of
Cu NS deposition on complex 3D structures. The teapot exemplifies the potential for uniformly coating complex 3D surfaces using ultrasonication.
B) Photographs of the assembly of Cu NS on various substrates and objects. From left to right: a transparent glass teapot before Cu NS coating,
illustrating the original substrate; a vial containing the Cu NS dispersion with the glass teapot submerged during the ultrasonication process; the same
teapot after coating, with a uniform layer of Cu NS on its surface. The inset on the right provides a close-up view of the nanosheet coverage. C) Examples
of Cu NS–assembled objects demonstrating the versatility of the coating technique. From left to right: A small pumpkin-shaped object, a dolphin-shaped
figurine, a glass die with assembled Cu NS, and a flexible copper-coated substrate.

between neighboring nanosheets. After the ultrasonic process,
we achieved well-connected, conductive films of Cu NS on the
outer surface of the glass capillary tube, with a measured resis-
tance of 128.0Ω (Figure 6C). To evaluate the heating performance
of the tube-shaped resistive heater, we applied a DC bias to both
ends of the conductive capillary. We monitored the temperature
and captured thermal images using an infrared camera as the ap-
plied voltage was increased from 0.5 to 2.5 V over 30 min. Sim-
ilar to conventional resistive heaters, our device exhibited excel-
lent heating characteristics, achieving temperatures of 24.4, 35.3,

44.8, and 57.0 °C at applied voltages of 1.0 , 1.5 , 2.0 , and 2.5 V,
respectively (Figure 6D).
To further analyze the performance of our tube-shaped re-

sistive heater, we systematically examined the temperature dis-
tribution as a function of the applied voltage and time, as
depicted in the contour plot of Figure 6E (Figure S13, Sup-
porting Information). As the duration of applied voltage in-
creased, the surface temperature of the tube rose steadily, in-
dicating that higher applied voltages accelerated joule heating.
The 3D capillary tube heater reached ≈60 °C within 25 min
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Figure 6. Copper nanosheet (Cu NS)-assembled capillary tube heater. A) A bare glass capillary tube. Optical microscopy (OM) and scanning electron
microscopy (SEM) images of an uncoated glass capillary tube. B) Cu NS assembled capillary tube. The OM image displays a consistent layer of Cu
NS on the tube’s surface, and the SEM image illustrates the dense and uniform assembly of nanosheets, confirming successful coating and coverage.
C) Electrical measurement setup of Cu NS assembled capillary tube. The assembled capillary tube exhibits an electrical resistance of ≈128.0 Ω. D)
Thermal infrared (IR) images under different applied voltages. IR images depict the temperature distribution along the Cu NS-coated capillary tube at
various voltages: (aʹ) at 1 V with a temperature of 24.4 °C, (bʹ) at 1.5 V with 35.3 °C, (cʹ) at 2 V with 44.8 °C, and (dʹ) at 2.5 V with 57.0 °C. E) A thermal
map as a function of the applied voltage and time. The 3D thermal gradient indicates a consistent increase in temperature with both voltage and time,
indicating efficient and controllable heating properties of the Cu NS assembly.

at a relatively low voltage of 2.5 V. We also conducted stability
tests of the conductive Cu NS films under three different envi-
ronmental conditions: long-term storage, high humidity expo-
sure, and elevated temperature (Figures S14–S16, Supporting
Information). The results clearly demonstrate that the electri-
cal conductivity of the Cu NS films remains stable across all
tested conditions, further confirming their environmental ro-
bustness and practical applicability. These results suggest that
our ultrasonic-driven omni-directional assembly is a promising
coating process for forming conductive films on complex 3D
structures.

3. Conclusion

We developed a simple and versatile method for omni-directional
assembly of 2D single-crystal Cu NS onto substrates of vari-
ous shapes and complex geometries using ultrasonication. By
exploiting the cavitation effects induced by ultrasonic waves,

we achieved uniform monolayer films of Cu NS with largely
monolayer films with some degree of nanosheet overlap, ef-
fectively overcoming the limitations of traditional deposition
techniques. The assembly process is influenced by the inter-
play between the hydrophobic Cu NS, the hydrophilic substrate
surface, and solvent choice, with non-polar solvents enhanc-
ing adsorption efficiency. Control of the oxidation state of the
Cu NS was crucial, as oxidized Cu NS showed poor assem-
bly due to increased roughness and stronger solvent interac-
tions. The method’s versatility was demonstrated by success-
fully coating complex 3D structures, such as capillary tubes.
A tube-shaped resistive heater fabricated by assembling Cu
NS on a glass capillary tube, showed excellent heating perfor-
mance at low voltages. This ultrasonic-driven method offers
a scalable approach to fabricating conductive films on com-
plex geometries and opens new possibilities for integrating 2D
metal nanomaterials into advanced electronic devices and flexible
electronics.
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4. Experimental Section
Materials: Copper (nanopowder, 25 nm particle size), Copper(II) chlo-

ride dihydrate (CuCl2·2H2O, 99.0+%), glucose (D-(+)-Glucose, 99.5+%),
hexadecylamine (HDA, 98%), and iodine (I2, 99.8+%) were purchased
from Sigma–Aldrich. The solvents, (CF, 99.5%; IPA, 99.5%; AC, 99.5%;
MtOH, 99.5%; and EtOH, 95%), were purchased from Samchun Pure
Chemical Industry Co., Ltd. And other solvents, such as n-hexane, toluene,
chlorobenzene, dichlorobenzene, acetonitrile, and EG, were also pur-
chased from Sigma–Aldrich. Triple distilled water was prepared from DIW.
All materials and solvents were used without further purification. The glass
substrate was an XG glass substrate (1.5 cm × 1.5 cm), and the silicon
substrate was SiO2/Si 100 nm substrate (1.5 cm × 1.5 cm).

Preparation of Cu NS: A hydrothermal synthesis method was used to
2D single-crystal copper nanosheets. Various amounts of I2 were stirred at
75 °C and 1000 rpm to completely dissolve in DIW. This iodide anion solu-
tion was mixed with CuCl2·2H2O (6.3 mg mL−1), glucose (7.3 mg mL−1),
and HDA (43.7 mg mL−1) in DI water at room temperature. The prepared
mixed solution was allowed to react at 100 °C for 12 h in an autoclave. After
the reaction, the solution containing Cu NS was carefully purified by sev-
eral centrifugation steps using hot DIW and CF to separate the Cu NS. The
Cu NS powder was then recovered using a polytetrafluoroethylene (PTFE)
membrane filter (47 mm in diameter, 0.5 μm pore size, Advantec, Japan).

Preparation of Substates: To assemble a monolayer film of copper
nanosheets, a glass substrate was initially cleaned of dust particles us-
ing DIW followed by ultrasonic cleaning in AC, MtOH, and IPA for 10 min
each. The remaining solvent was dried using an air gun. To remove any
residual contaminants and induce superhydrophilicity, UV-ozone treat-
ment was performed for 10 min using 254 nm UV light. Silicon wafers,
PI film, and Teflon substrates underwent the same cleaning process, ex-
cept for the DIW rinse. The 3D glass structures with complex designs (e.g.,
teapots, cubes, pumpkins, and whales) were dried in an oven at 70 °C for
20 min after cleaning.

Assembly Process of Cu NS: Purified copper nanosheets were filtered
and dried to obtain copper nanosheet powder. The desired solvent was
added to this powder, and it was fully redispersed using an ultrasonicator
(UCP-10, Jeiotech). For this pportion of the experiment n-hexane, toluene,
chlorobenzene (CB), CF, DCB were used as non-polar solvents, while IPA,
AC, EtOH, MtOH, ACN, DIW, and EG were used as polar solvents. To de-
termine the effect of ultrasonic-driven assembly on polar and non-polar
solvents, 6 mg of Cu NS powder was dispersed in 2 mL of each of the sol-
vents to prepare 3 mg mL−1 Cu NS solutions based on various solvents,
and ultrasonic-driven assembly was performed. Due to the hydrophobicity
of copper nanosheets, a vortex mixer was also used to aid dispersion in
deionized water. Cu NS solutions with concentrations of 1 , 3 , 5 , 7 , 9 ,
and 11 mgmL−1 were prepared by adjusting the amount of Cu NS powder
and dispersing it in CF. The prepared substrate and Cu NS solution were
placed in a 20 mL vial and fixed in an ultrasonicator. The ultrasonicator
(Jeiotech UCP-10) emitted 40 kHz ultrasonic waves, and the process time
was controlled using its built-in timer. After assembly, the substrate was
removed from the vial, rinsed with the same solvent used for dispersion
to remove excess Cu NS, and the remaining solvent was dried on a hot
plate at 70 °C. To verify the application to various substrate effect, in addi-
tion to glass and SiO2/Si substrates, PI film, Teflon, a glass optical fiber, a
glass capillary tube, a glass teapot, a glass pumpkin, a glass whale, dice-
patterned glass, and polyethylene naphthalate were prepared by washing
them in AC, MtOH, and IPA, respectively, and ultrasonic-driven assembly
was performed using the same process as mentioned earlier. To evaluate
the assembly of CuNS on the substrate, images were taken at five different
points on each film using an optical microscope (S39A,Microscopes Inc.),
and the average surface coverage was calculated using ImageJ software.
The CuNS film and individual CuNSwere analyzed by field emission scan-
ning electron microscopy (FE-SEM, Gemini 500, Carl Zeiss, Germany) at
the Center for University-wide Research Facilities at Jeonbuk National Uni-
versity. Contact angles were measured using a goniometer (Phoenix 300,
SEO) and 5 μL of DIW.

Selective Assembly of Cu NS: An Al2O3 thin film was first deposited
on cleaned glass and SiO2/Si substrates. Al2O3 films were deposited

by RF (13.56 MHz) magnetron sputtering, using an Al2O3 (99.95% pu-
rity) target with a diameter of 2 inches under a pressure of 0.67 Pa
and a 20 sccm flow of argon (99.999%) gas. The RF input power
and substrate temperature were kept at 150 W and room tempera-
ture, respectively. The deposited films were ≈30 nm thick, and the ar-
gon flow rate was controlled by mass flow controllers. Al2O3/glass or
Al2O3/SiO2/Si substrates were then treated with UV-ozone for 10 min,
sealed in a 0.5 mm FDDPA solution, and heated to 50 °C. The FD-
DPA solution (0.314 mg mL−1) was prepared by dissolving FDDPA in
ethanol and filtering it through a 0.2 μm PTFE filter. After 48 h, the sub-
strate was removed from the solution and washed with ethanol, leaving
the surface covered with FDDPA SAM, making it hydrophobic. The sur-
face of the substrate was modified to become hydrophobic by forming
a self-assembled layer of (3,3,4,4,5,5,6,6,7,7,8,8,9,9,10,10,11,11,12,12,12-
Heneicosafluorododecyl) phosphonic acid (FDDPA). To create hydrophilic
patterning on the hydrophobic substrate covered with the FDDPA SAM
layer, a shadow mask was applied, and UV/ozone was irradiated through
the shadow mask for 5 min, making the exposed area hydrophilic. Finally,
the prepared substrate and CuNSmixture solution were placed in a 20mL
vial in an ultrasonic cleaner for ultrasonic-driven assembly of CuNS on the
desired surface.

Fabrication of Cu NS–Based 3DHeater: To fabricate a tube-type heater,
a plain capillary tube (75 mm ± 0.5 mm, 1.1–1.2 mm inner diameter,
1.5–1.6mmouter diameter,Marienfeld Superior, Lauda-Königshofen, Ger-
many) was cleaned with AC, MtOH, and IPA using an ultrasonicator for
10 min each. The remaining solvent was then dried in an oven at 70 °C for
20 min, followed by UV-ozone treatment at a wavelength of 254 nm. Prior
to the ultrasonic-driven assembly of Cu NS, both tube inlets were sealed
with Teflon tape to prevent internal coating. The tube was then placed in
a solution of Cu NS dispersed in chloroform, and ultrasonic waves were
applied. After ultrasonic-driven assembly, the tube was removed from the
solution, excess solvent was absorbed using a disposable Science Wiper,
and the tube was dried in an oven at 70 °C for 1 min. Before evaluating the
electrical and heat generation properties, heat treatment was performed
for 1 g in an Ar/H2 (95:5) atmosphere at 250 °C to enhance bonding be-
tween sheets. To facilitate evaluation, both tube ends were coated with sil-
ver paste (ELCOAT P-100, CANS, Japan), and alligator clips were attached.
Resistance was measured using a Fluke 179 True RMS multimeter. To an-
alyze the heating performance of the Cu NS–assembled tube, DC voltages
of 0.5 , 1 , 1.5 , 2 , and 2.5 V were applied for 30 min using a KEYSIGHT
33500B waveform generator, while heating was monitored using a Testo
875 thermal imager (Testo 875i basic, Germany).
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