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Abstract

Two-dimensional (2D) nanomaterials are attracting increasing research interest because of their
unique properties and promising applications. Here, we report a facile method to manipulate the
assembly of nanoparticles (NPs) to fabricate free-standing 2D quasi-nanosheets. The as-generated
2D products are composed of few-layer NPs; that is, their thicknesses are only tens of nanometers
but lateral dimensions could be up to several micrometers. Therefore, the novel structure was
denoted as 2D “quasi-nanosheets (QNS)”. Specifically, several types of building blocks could be
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assembled into 2D unary, binary, ternary, and even quaternary QNS by a universal procedure. The
entire assembly process is carried out in solution and mediated simply by tuning the concentration
of ligands surrounding the NPs. In contrast to traditional assembly techniques, even without any
substrate or template, these QNS showed exceptionally high stability. They can remain intact for
several days without any disassembly regardless of the solvent environment (e.g., water, ethanol,
methanol, and hexane). In general, our method has effectively tackled several limitations
associated with traditional assembly techniques and allows more freedom in manipulating
assembly of NPs, which may hold great potential for future fabrication of 2D devices with rich
functionalities.

Graphical Abstract

INTRODUCTION

Programmable design of novel two-dimensional (2D) structures consisting of assembled
nanoparticles (NPs) has led to various specific properties and functionalities,1~3 as well as
deep insights into the fundamental science underlying the assembly behavior of building
blocks.*5 Particularly, 2D superlattices with ordered assembly from nanocrystals have been
widely investigated in recent decades.®” For example, superlattices from self-assembly of
triangular gold nanoprisms bring about surface-enhanced Raman spectroscopy (SERS)
enhancement relative to that of disordered assemblies.® Binary superlattices co-assembled
by PbTe and AgoTe NPs display higher electrical conductivity compared to each individual
component (i.e., PbTe NPs or Ag,Te NPs).? 2 To date, fabrication of assembled 2D
structures mostly relied on using block copolymers as templates, 1011 from Langmuir-
Blodgett assembly,12 or with traditional drying-mediated processes.13 Moreover, substrates
are always necessary to transfer or preserve these mono- or multilayer 2D films,14 which
limits their independence, free mobility, and applications. So far, few effective methods have
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been reported to align NPs into stable and free-standing 2D nanosheets without any
additional supports.1® In addition, manipulation of self-assembly of multiple building blocks
is even more challenging than that of a single component, owing to the complexity in
dealing with a number of interactions, such as van der Waals, Coulombic, and dipolar
interactions, as well as hard-sphere space-filling rules.

Herein, we adopted a facile route to manipulate assembly of NPs to fabricate a new 2D
structure: quasi-nanosheets (QNS). Typical QNS displayed thicknesses of a few nanometers
and lateral dimensions up to several micrometers. These can be achieved simply by tuning
the concentration of aliphatic ligands (e.g., 1-octadecene (ODE) present in the solution,
without any substrate or template. As a universal assembly procedure, involving various NP
building blocks, 2D unary, binary, ternary, and quaternary QNS were fabricated. These QNS
could be freely dispersed and remain stable in both polar and nonpolar solvents for several
days without any disassembly. These unique properties allow the QNS to be processed in
various conditions and environments, which will be very beneficial for their future
applications. As a proof of concept, excellent optical properties in the surface-enhanced
Raman scattering (SERS) have been achieved from Pd—Pt QNS, indicating the synergetic
advantage achieved by the assembled structure.

EXPERIMENTAL SECTION

Synthesis of free-standing 2D unary QNS is as follows. In a typical self-assembly
experiment,16 32 41 of octadecene (ODE) was added to a chloroform solution of 16 nm of
Fe304 NPs (1 mg, 0.25 mL) by a vortex mixer for 30 min (Figure S1 (Supporting
Information)). Then an aqueous solution of a cationic surfactant,
dodecyltrimethylammonium bromide (DTAB, 150 L, 20 mg/mL), was added to the
mixture. Afterward, the mixture was heated and vigorously agitated by vortexing.
Subsequently, 1 mL of mixed solvent (ethylene glycol (EG) and polyvinylpyrrolidone (PVP,
0.1 g, M,, = 55 000)) was added swiftly to the emulsion and subjected to vortexing for 2
min. The emulsion was then heated to 83 °C, kept at this temperature for 120 min to
evaporate the residual chloroform phase, and then held for another 1 h before the suspension
was cooled to room temperature. Finally, the resulting products were washed several times
with ethanol to remove impurities, followed by centrifugation at 4000 rpm for 8 min and
then redispersal in ethanol prior to being characterized.

With use of the same strategy, 4, 8, 16, 24, 40, and 48 4L of ODE was used to stabilize NPs
to form particle—micelles prior to the self-assembly process, separately.

For synthesis of free-standing 2D unary, binary, ternary, and quaternary QNS from Fe3Oy4
NPs, Pd NPs, Pt NPs, and CdSe NPs, please see the Supporting Information.

RESULTS AND DISCUSSION

As revealed by scanning electron microscopy (SEM), vertically aligned “nanosheets” with
lateral dimensions up to several micrometers were obtained (Figure 1a), and the 2D feature
was confirmed by a transmission electron microscopy (TEM) image (Figure 1b). The
enlarged TEM images further revealed that each “sheet” was composed of densely packed
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NPs (Figure 1c,d). Therefore, the novel 2D structure was denoted as 2D “quasi-nanosheets”
(QNS). The selected area (electron) diffraction (SAED) pattern showed a diffused ring
pattern, which indicated the “amorphous” feature and different orientations of NPs (inset,
Figure 1d). The thicknesses of typical QNS were measured to be ~53 nm by atomic force
microscopy (AFM) image (Figure 1e). Importantly, as confirmed by our experiments, these
QNS displayed the free-standing and stable feature when they were redispersed in various
solvents and remained intact for at least 1 day (Figure S2), outperforming mono- or
multilayer superlattices from solvent-induced alignment of NPs,17:18 whose structures are
unstable without substrate or supports and would be disturbed by agitation or solvent
change.

Because the assembly environment involves quite a few species (e.g., PVP, EG, DTAB, and
ODE), it is difficult to clarify the mechanism underlying the assembly process. To elucidate
the growth mechanism of the QNS, we systematically investigated the effect of removing
each individual parameter while keeping other conditions constant. For example, by
removing PVP from the EG solvent, no product was collected; and when DTAB was
removed, only irregular aggregates were obtained (Figure S3). Obviously, coexistence of
both PVP and DTAB is a prerequisite for QNS assembly. Combined with a previously
reported mechanism and our observations,1® PVP and DTAB act as active “separators” to
promote the dispersion of the NPs. On the other hand, the ligand ODE plays a more critical
and delicate role to “fine-tune” the assembled structure. As shown in Figure 2a, without
ODE, bare NPs easily aggregated to form irregular microparticles.2% In contrast, with 4 /1
of ODE, as-obtained products were “small” microparticles with a tendency to spread out
(Figure 2b). Further increase of ODE to 8 gL induced formation of folded 2D nanosheets
(Figure 2c). Finally, well-dispersed and stable QNS were generated when 24 and 32 L of
ODE were added (Figure 2d and Figure 1). Interestingly, the QNS decomposed into irregular
debris when the amount of ODE was further increased to 48 L (Figure 2e). These results
demonstrate that formation of QNS closely correlates with the amount of ODE (Figure 2f).

On the basis of the above observation, we proposed a mechanism to interpret formation of
the 2D QNS (Figure 3). DTAB as a cationic surfactant endows the NPs with amphiphilic
properties through formation of an interdigitated bilayer structure,2! with ODE (organic
ligand) as the inner layer and DTAB as the outer layer. These are held together by van der
Waals interactions between their aliphatic chains (Figure S5b).16:22.23 \wjith the hydrophilic
structure (DTAB layer), as-prepared NP—micelles could be uniformly dispersed in mixed
solvent (EG and PVP) (Figure 3a). Because the solubility of DTAB increases with
temperature in the mixed solvent, the outer layer of NP—micelles (DTAB) starts to self-
dissociate when the micelles are heated, leaving ODE-capped NPs wrapped inside the mixed
solvent (Figure 3b), producing “microinterfaces” between mixed solvent (hydrophilic) and
the ODE-capped NP aggregates (hydrophobic). 1H NMR spectra confirmed the absence of
DTAB and the presence of ODE (Figure S6). Formation of such hydrophilic—hydrophobic
microinterfaces could foster the subsequent self-assembly process without disruption of
solvent (Figure 3c), and allow for further arrangement of NPs to form free-standing QNS
(Figure 3d). In general, the process can be regarded as an approach to dynamic balance
between elastic repulsive forces contributed by the ligands (ODE) and van der Waals
attractive forces between the NPs during the formation of 2D QNS.2425 |n addition, there is
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also hydrophobic attraction between the NPs because ODE has hydrophobic groups.1®
However, when the van der Waals and hydrophobic attractive forces are not sufficient to
balance the strong ligand elastic repulsive forces (excessive ODE was added), the as-
assembled structures are no longer stable, eventually resulting in the collapse of the 2D
structure into irregular debris (Figure 2e).26 On the basis of the above mechanism, in which
formation of the QNS is independent of type of original building blocks, it is reasonable to
generalize this process into fabrication of new 2D QNS from assembly of different kinds of
building blocks. As a demonstration, Pd, Pt, and CdSe QNS were successfully assembled by
simply changing the NP building blocks in this simple bottom-up process (Figure 4).

As reported previously,2”-28 self-assembly of free-standing 2D binary QNS is still a
challenge because of the lack of stable supports. Here, with similar strategy described above,
we can achieve 2D binary QNS (Figure 5a) through combination of any two building blocks
in our “library”, that is, Fe304 NPs (~16 nm), CdSe NPs (~15 nm), Pd NPs (~6 nm), and Pt
NPs (~3.5 nm) (Figure S7). In detail, a binary self-assembly was initiated by adding Pd NP—
micelles to a solution containing Fe304 NP-micelles, followed by similar processing steps
(see Experimental Section in the Supporting Information). As shown in SEM and TEM
images (Figure 5b,c), well-dispersed 2D QNS with lateral sizes up to several micrometers
were observed. Moreover, the enlarged TEM image clearly shows that Fe3O4 NPs and Pd
NPs were efficiently packed together, and displayed “amorphous” behavior in the SAED
pattern (Figure 5d, inset). The thickness of one binary QNS was measured to be 44.8 nm
(Figure 5e, inset), which did not increase with addition of NPs of different types. Similar to
the unary QNS, these 2D binary QNS also exhibited good stability and free-floating feature
in various solvents (Figure S8). Meanwhile, the density of assembled NPs in 2D binary QNS
could be controlled by adjusting the relative NP ratio (Figure S9). A wide range of binary
2D QNS, for example, Fe304—Pt QNS, Fe30,4,—CdSe QNS, CdSe—Pd QNS, CdSe—-Pt QNS,
and Pd—Pt QNS were successfully achieved (Figure 6). It is interesting to note that ternary
QNS could be fabricated by further involving three types of NPs in the system (Figure 7a).
For instance, Fe304 NPs, Pd NPs, and Pt NPs were easily assembled into 2D ternary QNS
(Figure 7b), and each type of NPs could be clearly distinguished in the enlarged TEM
image. Meanwhile, an infinite set of new 2D ternary QNS can be assembled in Figure 7c—e.
All four types of NPs, although they have different sizes, were co-assembled to form free-
standing 2D quaternary QNS (Figure S10).

As reported previously,27-28 self-assembly of free-standing 2D binary QNS is still a
challenge because of the lack of stable supports. Here, with strategy similar to that described
above, we can achieve 2D binary QNS (Figure 5a) through combination of any two building
blocks in our “library”, that is, Fe304 NPs (~16 nm), CdSe NPs (~15 nm), Pd NPs (~6 nm),
and Pt NPs (~3.5 nm) (Figure S7). In detail, a binary self-assembly was initiated by adding
Pd NP-micelles to a solution containing Fe304 NP—micelles, followed by similar processing
steps (see Experimental Section in Supporting Information). As shown in SEM and TEM
images (Figure 5b,c), well-dispersed 2D QNS with lateral sizes up to several micrometers
were observed. Moreover, the enlarged TEM image clearly shows that Fe3O4 NPs and Pd
NPs were efficiently packed together, and displayed “amorphous” behavior in the SAED
pattern (Figure 5d, inset). The thickness of one binary QNS was measured to be 44.8 nm
(Figure 5e, inset), which did not increase with addition of NPs of different types. Similar to
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the unary QNS, these 2D bhinary QNS also exhibited good stability and free-floating feature
in various solvents (Figure S8). Meanwhile, the density of assembled NPs in 2D binary QNS
could be controlled by adjusting the relative NP ratio (Figure S9). A wide range of binary
2D QNS, for example, Fe304—Pt QNS, Fe304—CdSe QNS, CdSe—Pd QNS, CdSe-Pt QNS,
and Pd-Pt QNS were successfully achieved (Figure 6). It is interesting to note that ternary
QNS could be fabricated by further involving three types of NPs in the system (Figure 7a).
For instance, Fe304 NPs, Pd NPs, and Pt NPs were easily assembled into 2D ternary QNS
(Figure 7b), and each type of NPs could be clearly distinguished in the enlarged TEM
image. Meanwhile, an infinite set of new 2D ternary QNS can be assembled in Figure 7c—e.
All four types of NPs, although they have different sizes, were co-assembled to form free-
standing 2D quaternary QNS (Figure S10).

With free manipulation of the composition and structure of the 2D assembly, various
intriguing synergetic effects can be expected. As a proof of concept, here we investigated the
optical behavior of the 2D binary Pd—Pt QNS. A three-dimensional finite-difference time-
domain (3D-FDTD) method was used to simulate the electric field distributions of this
structure at different wavelengths. In the simulation, we set Pd NPs and Pt NPs to have the
diameters of 6 and 3.5 nm, respectively, and plane waves with transverse-electric (TE)-
polarization propagating from 1 xm above the film of QNS on the glass substrate.
Furthermore, we set up two detectors for the QNS: the first one is fixed in the X~ Y plane
with 3 nm above the surface of glass substrate; the second one is located in the X~Zplane at
the center of 2D binary Pd—Pt QNS. These two detectors recorded the stable electric field
distributions in the X~ Y'and X=Zplanes of the QNS, respectively, under illumination. All of
the optical constants of the materials (Pd, Pt, and glass) were obtained from the literature.2®

Figure 8 shows the electric field distributions in the x-) plane and x-z plane when the plane
waves (wavelengths of 365, 485, 532, 633, and 785 nm, respectively) propagated along the
z-axis into the Pd—Pt QNS. As displayed in Figure 8a—e, the QNS provides large electric
field intensities within the near field around the Pd—Pt interface, as well as the gap of
composite structure in the ultraviolet (UV) (Figure 8a), visible (Figure 8b—d), and near-
infrared (Figure 8e) regions. Therefore, we expected such hot spots, that is, the areas with
electric field amplitudes (E2) larger than 16, to exist almost everywhere and over broad
wavelengths in as-prepared Pd—Pt QNS. To verify the high density of hot spots in our Pd-Pt
QNS, we collected its Raman signals in the presence of Rhodamine B (RB) (2 x 1076 M)
from five different positions within an area of 0.5 x 0.5 mm?2 with a spacing of 100 zm using
a solid-state laser (wavelength: 532 nm) as the excitation source. Figure 8f,g shows that the
Raman scattering intensities were strong and uniform even when varying the probe positions
in the film of Pd—Pt QNS, which are better than those of Pd NPs or Pt NPs in previous
reports.30:31 We attribute this phenomenon to hot spots almost everywhere in the Pd—Pt
QNS. Location of analytes near a hot spot would increase not only the intensities of Raman
signals but also the probability to probe for the analytes. Therefore, such attractive properties
of Pd-Pt QNS suggest promising applications in the surface-enhanced Raman scattering
(SERS) and detection fields.
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CONCLUSION

In summary, we have developed a general approach to fabricate novel 2D QNS from self-
assembly of NPs. These 2D QNS display lateral dimensions up to several micrometers and
thicknesses up to a few nanometers. Moreover, these 2D QNS can be free-standing and
remain intact in different solvents without any disassembly. It was demonstrated that the
ligands are important factors to mediate NP assembly for formation of the 2D QNS. As a
universal procedure developed in this work, a broad range of 2D unary, binary, ternary, and
quaternary QNS were prepared from a variety of NPs. Co-assembly of NPs with diverse
composition could bring about intriguing properties. As demonstrated in our preliminary
trial with SERS, the Pd—Pt QNS have shown intensified Raman signals and are promising in
detection of trace amounts of analytes. Therefore, it is anticipated that this work will open a
new horizon for the exploration and design of 2D functional nanosheets by assembly
technology.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Free-standing 2D QNS: (a) SEM image and photograph of QNS (inset); (b) low-
magnification TEM image; (c) and (d) high-magnification TEM images and electron
diffraction pattern (inset); (€) AFM image.
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(a—e) TEM images of the assembly process for 2D QNS. Samples prepared from NP

assembly guided by different amounts of ODE: (a) 0 /i_; (b) 4 4L; (c) 8 uL; (d) 24 (i; (e) 48
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Figure 3.
Scheme of assembly process for 2D QNS: (a) emulsion drop casting in mixed solvent (EG

and PVP); (b) hexane evaporation, self-dissociation of the DTAB layer and reformation of
ODE-capping layers; (c) ODE mediates the assembly of NPs; (d) aggregated NPs extend
into 2D QNS.
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Figure 4.

TEM images of 2D unary QNS from the assembly of different NPs: (a) Pd QNS; (b) Pt
QNS; (c) CdSe QNS.
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Figureb.
(a) Scheme; (b) SEM image; (c) low-magnification TEM image; (d) high-magnification
TEM image; (¢) AFM image for 2D binary QNS from assembly of Fe304 NPs and Pd NPs.
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Figure6.
TEM images of 2D binary QNS from assembly of two types of NPs: (a) Fe304—Pt QNS; (b)

Fe304—CdSe QNS; (c) Pd—Pt QNS; (d) CdSe-Pd QNS; (e) CdSe-Pt QNS. The scales bars
are 50 nm in inset images.
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Figure7.
(a) Scheme for 2D ternary QNS from assembly of three types of NPs; TEM images of 2D

ternary QNS: (b) Fe304—Pd-Pt QNS; (c) Fe304—CdSe—Pd QNS; (d) Fe304,-CdSe-Pt QNS;
(e) CdSe—Pd-Pt QNS. The scale bars are 50 nm in inset images.
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Figure 8.
Near-field electric field distributions of incident light at the wavelengths of (a) 365 nm, (b)

485 nm, (¢) 532 nm, (d) 633 nm, and (e) 785 nm, passing through the Pd—Pt QNS on a glass
substrate. Measured (f) Raman spectra and (g) Raman peak signals of Pd—Pt QNS with 2 x
106 M Rhodamine B (RB), recorded at five different positions within an area of 0.5 x 0.5
mm? with a spacing of 100 zm.
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