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Abstract

Here we demonstrate through experiment and simulation the polymer-assisted dispersion
of inorganic 2D layered nanomaterials such as boron nitride nanosheets (BNNSs), molybdenum
disulfide nanosheets (MoS;), and tungsten disulfide nanosheets (WS,), and we show that spray
drying can be used to alter such nanosheets into a crumpled morphology. Our data indicate that
polyvinylpyrrolidone (PVP) can act as a dispersant for the inorganic 2D layered nanomaterials in
water and a range of organic solvents; the effectiveness of our dispersion process was
characterized by UV-vis spectroscopy, microscopy and dynamic light scattering. Molecular
dynamics simulations confirm that PVP readily physisorbs to BNNS surfaces. Collectively, these
results indicate that PVP acts as a general dispersant for nanosheets. Finally, a rapid spray drying
technique was utilized to convert these 2D dispersed nanosheets into 3D crumpled nanosheets;
this is the first report of 3D crumpled inorganic nanosheets of any kind. Electron microscopy
images confirm that the crumpled nanosheets (1-2 um in diameter) show a distinctive
morphology with dimples on the surface as opposed to a wrinkled, compressed surface, which
matches earlier simulation results. These results demonstrate the possibility of scalable

production of inorganic nanosheets with tailored morphology.
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1. Introduction

The emergence of graphene in the scientific literature has prompted new investigations of
inorganic 2D nanosheets whose structure is analogous to graphene. Layered inorganic materials
were first described by Tenne and coworkers in 1992; these materials include boron nitride
nanosheets (BNNSs), molybdenum disulfide (MoS;), and tungsten disulfide (WS,)."* In BNNSs,
alternating B and N atoms form a planar structure resembling that of graphene.” MoS, and WS,
nanosheets consist of a metallic layer sandwiched between two sulfur layers. Similar to

graphene, the nanosheets layers are stacked together by weak van der Waals forces.™

These inorganic nanosheets possess an unusual combination of properties. Due to ionic
bonding, BNNSs are electrically insulating, with a large electronic band gap (~4-6 e¢V),”’ but are
also thermally conductive (2000 W m” K') and mechanically strong,®’ These properties are
ideal for thermal management of high-power electronics.'® Additionally, BNNSs are resistant to
oxidation and are chemically stable.* WS, and MoS, nanosheets possess strikingly different
optical and electrical properties than their bulk form; this allows for novel applications in
nanoelectronics and optoelectronics.13 For example, MoS, and WS, nanosheets are
50,51

semiconducting, with a direct electronic band gap of ~1.9 eV and ~2.1 eV, respectively, in

contrast to the bulk indirect band gap of 1.2 eV and 1.3 eV.'"'"? Since these materials exhibit

13,14

direct band gap behavior, they have strong photoluminescence and spin polarization."> These

materials are also suitable for photovoltaics since absorber materials in thin film solar cells can

be made from these inorganic layered materials.'®

The isolation of these inorganic 2D nanosheets from the bulk material can be carried out

17-19

via liquid-phase exfoliation. In fact, the liquid-phase processing route is useful for
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applications such as nanocomposites and electronic device deposition. Similar to graphene, prior
reports on inorganic nanosheets in liquids have attempted both (1) direct (stabilizer-free)
dispersion and (2) stabilizer-enabled dispersion. Inorganic nanosheet dispersions in organic
solvents without stabilizers have been reported; however, the process requires extensive
sonication and yields a comparatively low concentration of nanosheets.'®***! Coleman and
coworkers reported exfoliation of BNNSs in isopropanol (IPA), as well as MoS; and WS, in N-
methyl-2-pyrrolidone (NMP)."® For aqueous dispersions, surfactants and bile salts have been

utilized to disperse BNNSs and MoS; nanosheets. "’

Our current study focuses on the use of polyvinylpyrrolidone (PVP) as a dispersant for a
broad class of 2D layered nanosheets (BNNSs, MoS,, and WS,). Our prior work showed that
PVP can be used to disperse graphene in a wide range of solvents, ** and our new data show that
this technique is applicable to inorganic nanosheets as well. However, we should note that the
recent, similar work of Guardia e al.'” was concurrent with our own; their report similarly
includes the dispersion of these nanosheets in water (but no other solvents) using PVP. Their
report also indicates abnormally high nanosheet concentrations, likely due to insufficient
centrifugation. Another recent publication by Ma et al. reported stabilization of BNNSs in

chloroform at low concentrations with PVP and polythiophene dispersants and bath sonication.”

Molecular simulations have the ability to explicitly account for the specific chemical
interactions in nanoscale systems. Despite the widespread interest in nanosheet dispersion, there
have been relatively few quantum and molecular simulations of non-covalent interactions

24-28

between boron nitride nanosheets (BNNS) or nanotubes (BNNT) and organic adsorbents. In

one prior study of particular interest,”” attractive interactions between oligomers of three
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polymers and BNNT were studied by simulations in the absence of any solvent medium. In this
work, we utilized molecular dynamics (MD) simulations to investigate non-covalent interactions

between PVP and an isolated boron nitride nanosheet in a medium of water.

In the current paper, we describe three novel advances in the area of inorganic nanosheet
dispersion. (1) We demonstrate dispersion of these nanosheets in not only water but also a wide
range of organic solvents. These results suggest that dispersion methods originally developed for
graphene can straightforwardly be extended to other nanosheet types. (2) The experimental
observation of PVP-assisted dispersion of BNNSs in solvents can be explained by hypothesizing
that the PVP molecules physisorb on the individual BNNSs, thus shielding the nanosheet surface
from water. In order to test this hypothesis, we carried out molecular simulations of the PVP-
BNNS-water system.”> The use of atomistically detailed models allows us to explicitly account
for the specific molecular interactions in the system. Our simulation strategy consists of
molecular dynamics simulation of the system where the PVP molecule is initially placed at long
enough distances from the BNNS such that the two either have very weak direct interactions or
do not directly interact with each other, and observing if it attaches to the BNNS surface during
the course of the simulation. (3) Finally, we demonstrate that these 2D nanosheets can be
converted to crumpled 3D nanostructures during spray drying. Prior work had demonstrated that
colloidal graphene oxide dispersions can be manipulated to yield a crumpled morphology
through aerosolization and rapid evaporation. This was applied to graphene oxide dispersions in
a tube furnace; as the aerosolized droplets evaporate and shrink, surface tension compacts the
GO to induce a highly wrinkled structure.”’* These crumpled graphene oxide nanosheets are
aggregation-and compression-resistant in the solid state.”>>! Our (Green) group recently showed

that this spray drying process can be extended to crumpled pristine graphene using a simple
4
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industrial spray drying technique.”” In the current paper, we show that this spray drying
technique for crumpling graphene can be generalized to other nanosheet types. To our
knowledge, this is the first report of crumpled inorganic nanosheets and may open novel

application areas for these materials.
2. Methods

2.1. Materials

Hexagonal boron nitride (hBN), molybdenum disulfide (MoS,) and polyvinylpyrrolidone
(PVP) (MW 10,000 g/mol) were purchased from Sigma Aldrich. Tungsten disulfide (WS,) was
brought from Santa Cruz Biotechnology. Another type of hBN was purchased from Industrial
Supply Inc. The hBN from Sigma Aldrich (which we designate as hBN-I) has smaller flake size
than the other (hBN- II). The average size of hBN-I is ~1 um and large flake is ~3 pm. The
organic solvents methanol, ethanol, isopropanol, chloroform, dimethylformamide (DMF),
dimethyl sulfoxide (DMSO), and N-methyl-2-pyrrolidone (NMP) were purchased from Sigma

Aldrich. All materials were used as received without any further purification.

2.2 Preparation of layered material dispersions

Stable aqueous dispersions of nanomaterials were prepared using PVP as a dispersant.
PVP (10 mg mL™") was dissolved in water by magnetic stirring. 20 mg mL™" of parent material
was added to this solution, which was then tip sonicated in a water bath using a Misonix
sonicator (XL 2000) at output wattage of 10 W for an hour. To remove large aggregates, the
dispersions were centrifuged (Centrific Centrifuge 225, Fischer Scientific) for 4 hours at ~5000

rpm. The supernatant was collected and the absorbance was measured by a Shimadzu UV-vis
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spectrophotometer 2550 at wavelengths of 200 nm to 800 nm. The supernatant concentration was
measured by both vacuum filtration and absorbance measurements. The dispersions were
vacuum filtered through Teflon filter paper (Millipore, 0.2 um) and dried overnight. The weight
of the filter paper was measured before and after filtration, and the dispersed nanomaterial
concentration was determined from the weight difference. A PVP solution in water (10 mg mL™)
was used as a blank to eliminate the background effect. The Lambert-Beer law (A = aLC, where
a is the extinction coefficient, A is the absorbance, C is the concentration, and L is the path
length) was utilized to calculate a. The absorbance A is proportional to the product of
concentration C and path length L. The absorbance spectra of the PVP-stabilized nanomaterial
dispersions and the plots of absorbance vs. concentration are shown in Figure S1. The
absorbance spectra for BNNSs, MoS; and WS, are plotted in Figure Sla, Figure Slc, and Figure
Sle, respectively. The values of a were determined to be 1.1 x 10° mL mg” m™ for BNNSs at
350 nm (Figure S1b), 5.2 x 10> mL mg'1 m’' for MoS; at 674 nm (Figure S1d), and 4.2 x 10> mL
mg'1 m™ for WS, at 630 nm (Figure S1f), respectively. The values of the extinction coefficient
are of the same order of magnitude with the extinction coefficient with other systems reported by
Guardia ef al.'” The same procedure was followed to make nanosheet dispersions in methanol,
ethanol, isopropanol, choloroform, DMF, DMSO, and NMP. In the case of the organic solvents

the sonication was performed in ice-water bath to prevent evaporation of the solvent.

2.3. Dispersion Characterization
The dispersion quality of PVP-stabilized nanomaterials in water was investigated by high

resolution transmission electron microscopy (HRTEM) in a Hitachi H8100 electron microscope.
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Multiple droplets of the dispersions were placed onto holey carbon grids, which were then air
dried. A voltage of 75 kV was used to image the specimens.

PVP-stabilized nanomaterial dispersions were frozen in a freezer at -20°C and dried in a
freeze-dryer (Vitris Benchtop Freeze Dryer) overnight to yield dry powdered samples. The
freeze-dried samples were redispersed in water without sonication. These samples were
centrifuged, and the recovered concentration of dispersed nanosheets was calculated from the
absorbance values.

The morphology of the powdered nanomaterial samples was observed in a HITACHI S-
4300 electron microscope at an accelerating voltage of 10 kV and a working distance of 8 mm.
Scanning electron microscope (SEM) samples were prepared by sputter coating with Au/Pd in a
Hummer V Technics sputter coater at 10 kV and 10 mA current for 1 minute at a rate of 10
nm/min.

The particle size distribution of the nanomaterials was determined at room temperature
using dynamic light scattering by a Zetatrac analyzer from Microtrac Inc.

PVP-stabilized nanomaterial dispersions were processed in a spray dryer (Buchi 290 mini
spray dryer) to yield crumpled nanosheets. The operating temperature and pressure was 220°C

and 60 psi respectively.

2.4. Simulation Methods

The PVP-BNNS-water system is simulated in a cubic box containing 75162 atoms. The BNNS
sheet of size 50 A x 50 A is placed inside a cubic box of edge length 92 A. A long polymer
chain containing 80 monomers of polyvinylpyrrolidone (PVP) was introduced in the box; the

PVP and the BNNS molecules were solvated using water. The BNNS sheet is modeled using the
7
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three-body Tersoff potential®* while TIP3P model parameters are employed for water
molecules.”> The SHAKE algorithm®® was used to constraint the OH bond length of the water
molecules. The general AMBER force field*’® is used to treat the interactions between the PVP
molecule and water atoms, and the Lennard-Jones (LJ) interaction between the BNNS* and
water as well as PVP is calculated based on the Lorentz-Berthelot mixing rules similar to the
previous simulation work.** The partial charges on PVP atoms were computed by the AMI-
BCC method,‘m’41 while those for BNNS atoms were taken from literature.** A cut-off distance
of 12 A is used for van der Waals and Coulombic interactions. Tail correction and particle-
particle particle-mesh algorithm (PPPM) are employed for calculating the long range
interactions.*’ The temperature and pressure of the system are held constant at 7 = 300 K and P
= 1 atm by applying Nosé-Hoover** thermostat and barostat, respectively. All molecular
simulations are performed by using the LAMMPS® simulation package. A time step of 1 fs is

used in all of the simulations.

Initial configuration of PVP-BNNS-water systems: Three different simulations were carried out
to test the interaction between the PVP molecules and the BNNSs in water. The BNNS was first
placed parallel to the xy plane in the simulation box. Three different system configurations were
then created by placing the PVP molecule in the xy plane such that it was at center of mass
distance = 10 4, 20 4 and 35 4 from the BNNSs. For this purpose, the PVP molecule was placed
parallel to the BNNSs (see Figure 1a). Thus, although, for example, in the third case, while the
center of mass distance between the BNNS and the PVP molecules was fixed at 35 A, the
shortest distance between any atom of the PVP molecule and the BNNS was 33.4 4. Water
molecules were then added to the simulation box. Figure 1 shows the initial conformation of the

molecules in the system. The system configuration was then equilibrated using a constant NVT
8
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(constant number of molecules, volume and temperature) simulation followed by an additional
constant NPT (constant number of molecules, pressure and temperature) simulation of 2 ns
duration. We note that the positions of the BNNSs and the PVP atoms were fixed by applying
harmonic constraints during the equilibration stage whereas water molecules were allowed to
move freely in the system. These harmonic constraints were released after the equilibration
stage and the constant NPT MD simulation production run was carried out for the duration of 25

ns for each of the three systems.

3. Results and discussion
3.1. Nanosheet dispersion

Our previous report showed that PVP acts as an effective dispersant for graphene both in
water and various organic solvents.”” Here we demonstrate that this same technique is applicable
to a wide range of inorganic nanosheets as well, including boron nitride (BN), molybdenum
disulfide (MoS,), and tungsten disulfide (WS,).**® This was initially surprising because these
results suggest that appears that the PVP-nanosheet interactions are independent of nanosheet
surface chemistry.

Figure 2 shows PVP-stabilized aqueous dispersions of BNNSs, MoS,, and WS,
nanosheets. The dispersions were prepared by tip sonicating the parent materials in a PVP
solution; subsequent centrifugation was performed to remove large aggregates. The supernatant
was collected, and the absorbance was measured by a UV-vis spectrophotometer. The dispersed
nanosheet concentrations were gravimetrically obtained by vacuum filtering the dispersions and

washing the resulting film. The relationship between concentration and absorbance is shown in
9
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detail in the supporting information for each of the nanosheet types (Figure S1). We used a 635
nm laser light to confirm the Tyndall effect to directly probe these colloidal dispersions; Figure 3
shows the Tyndall effect on BNNSs (Figure 3a), MoS, (Figure 3b), and WS, (Figure 3c).. The
light scattering effect is visible when the colloidal nanoparticle size is below or near the
wavelength of the light.*’

In order to compare the pre-exfoliation and post-exfoliation morphology, we examined
the parent material structure. The parent materials are initially compact and flat as shown in the
SEM images (Figure 4). The typical flake size of parent hBN-I powder (Figure 4) is the smallest
(~1 um) compared to MoS, and WS,. The apparent lateral size of parent MoS, and WS, is ~2
um (Figure 4b) and ~3 um (Figure 4c), respectively. The magnified view of parent hBN flakes
(inset of Figure 4a) shows an oval shaped morphology whereas MoS, flakes are irregularly
shaped with rough edges (inset of Figure 4b), and WS, flakes are also irregularly shaped with
straight, smooth edges (inset Figure 4c).

TEM was performed on the nanosheet dispersions to determine lateral size, morphology,
and the number of nanosheet layers (Figure 5); additional TEM images are available in
supporting information in Figure S2. Most of the BNNSs exhibit smooth, curved edges with an
overall oval shape; the typical size of the nanosheets is ~700 nm (Figure 5a). The TEM images

3951 The smooth

of the BNNSs are similar to others depicted in recent studies on BN exfoliation.
shape associated of the dispersed BNNSs is quite unusual compared with the irregular complex
shapes seen in dispersed graphene. The similarity in shape between the parent material (Figure
4a) and the dispersed nanosheet may indicate that, in some cases, BNNSs can be exfoliated
without breakage events. Dynamic light scattering (DLS) was also utilized to measure the size

(hydrodynamic radius) distribution of BNNSs (Figures S3-S4). From the DLS data, the number-

10
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average hydrodynamic radius for the dispersed BNNSs is 204 nm and the maximum value is 900
nm; these values compare quite well against the TEM images in Figure 4, given that
hydrodynamic radius is typically smaller than the apparent lateral size by a factor of at least 2.
Further sonication of this dispersion (0.5 hours, 1 hour) indicates breakage of the largest
nanosheets; details are shown in Supporting Information.

In the case of MoS; nanosheets, irregular edges are observed and the typical sheet size is
~500 nm (Figure 5c). The WS, nanosheets exhibit straight edges with a “folded paper”
appearance, and the typical sheet size is ~400 nm (Figure 5e). The number of layers in the
observed nanosheet was determined by the magnified view of the sheet edges (Figure 5b, 5d, and
5f).The number of visible, distinct layers at the edge confirm that the nanosheets are 2-5 layers
thick, which is consistent with prior work in stable nanosheet dispersions. Unusually, the BNNSs
and WS, nanosheets show distinct, paper-like folds. In contrast, TEM images of graphene in
prior studies show that graphene has more tendencies to form irregular wrinkles and folds.”*™
Some of these features (e.g., shape) are reflective of differences in parent material morphology;
however, the straight edges and folds may indicate differences in bending moduli and sonication
response.

The effect of initial parent material concentration on the final concentration of inorganic
nanosheets was investigated. In all these experiments, 10 mg mL™ PVP concentration was used.
The final dispersed nanomaterial concentration increases with the initial parent material
concentration, as shown in Figure 6. This is in agreement with our prior work on pristine

graphene produced from graphite. >

This relationship between nanomaterial concentration
and parent material concentration has implications for the scalability of sonication-based

methods; at low initial material concentrations, there is a linear relationship describing the yield

11
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of nanosheets from the raw material. At higher initial material concentrations, this trend may
plateau due to limitations in sonication effectiveness caused by the additional material and
increased viscosity. (This same data is available with error estimates in Figure S5.) The
dependence of the supernatant concentration on the PVP concentration was also investigated.
The concentration of parent material was taken as 20 mg mL™". Figure 7 shows the nanomaterial
concentration as a function of PVP concentration. Again, at higher PVP concentrations, there is a
plateau in the as-obtained nanosheet concentration; similarly, this is likely due to increases in
viscosity and a resulting decrease in sonication efficiency. (This same data is available with error
estimates in Figure S6.) A similar effect was observed for PVP-stabilized graphene.52

The PVP-stabilized nanomaterial dispersions were freeze dried and redispersed in water.
All three freeze dried powders were redispersible in water without sonication, as demonstrated in
Figure 8. The redispersed samples were centrifuged. In the case of BNNSs, no sedimentation
was observed, whereas in the case of MoS, and WS,, some visible sedimentation was observed.
The absorption spectra of the PVP-stabilized nanomaterial dispersion before and after freeze-
drying are plotted in Figure S7. The absorbance spectra indicate that the nanomaterial
concentration decreases after the experiment by 25%, 42%, and 41% for BNNSs (Figure S7a),
MoS, (Figure S7b), and WS, (Figure S7c¢), respectively. The redispersion shows that the PVP-
nanosheet association remained through freeze-drying and prevented aggregation in those
redispersed nanosheets. However, the recovery of the dispersed nanosheets is only partial,
indicating that some aggregation did occur, in contrast to graphene which showed complete
redispersion.”

In addition to aqueous dispersions of inorganic nanomaterials (BNNSs, MoS,, and WS,)
stabilized by PVP, we also investigated the applicability of PVP as a dispersant in organic

12
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solvents. We find that PVP successfully stabilizes BNNSs, MoS,, and WS, in methanol, ethanol,
isopropanol, chloroform, DMF, DMSO, and NMP at 10 mg mL"! PVP concentration and 20 mg
mL™" parent material concentration. The supernatant concentration and the extinction coefficient
(BNNSs at 350 nm, MoS, at 674 nm and WS, 630 nm) in the organic solvents are reported in

Table S2 and Figures S8-S14.

3.2. Simulation of polymer interaction with nanosheets

The non-covalent interactions between PVP and isolated BNNS in water medium were
investigated in this work using MD simulations. We varied the distance between the center of
mass of the PVP molecule and the nanosheet surface. The interaction between the PVP molecule
and the BNNS was monitored by keeping track of the shortest distance between any atom of the
PVP chain and the BNNS. For the three systems studied, this initial shortest distance (duiiar)
values are: 8.15 4, 18.25 4 and 33.4 4; also see Figure 1a for initial structure of the PVP chain
after the equilibration stage. Given that the cut-off distance for calculation of interactions is 12
A, only the PVP chain in the first system interacts directly with the BNNS, and even in that case,
this interaction between the PVP chain and the BNNS will be of a small magnitude. The shortest
distance between the BNNS and the PVP chain is plotted as a function of time in Figure 9 for all
three cases. It is seen that for the first two cases, i.e., when the initial distance between PVP
chain and the BNNS is 8.15 4 or 18.25 4, after some initial exploring, the PVP molecule was
observed to move directly towards the BNNS. Furthermore, in both cases, it is seen that once a
part of the chain approaches within a distance of 3 4 of the BNNS, this distance of closest
approach between the two molecules is maintained for the rest of the simulation duration. For
the third case (initial BNNS-PVP separation distance, dyi = 33.4 /f), it is seen that the PVP

chain approaches the surface but not in a monotonic fashion. As would be characteristic for
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random thermal motion of the chain, the distance between the PVP chain and the BNNS shows
oscillatory behavior. However, over a longer period of time, the chain does gradually move
towards the surface and eventually, a part of the chain approaches within 3 4 of the BNNS at the
simulation time of around 20 ns. Interestingly, similar to the other two cases, once a part of the
PVP chain comes in close proximity with the BNNS, the distance of closest approach between
the two molecules is maintained for the rest of the simulation duration. In summary, the PVP
migrated to the nanosheet surface and remained there in a kinetically trapped, physisorbed state

in all three cases.

3.3. Crumpling of inorganic nanosheets

Recently, we showed that simple industrial spray drying can induce the crumpling of
pristine graphene nanosheets.> In this process, micron-sized droplets are produced by using an
atomizer; the droplets are then evaporated by a hot air stream to produce a dry powder. The dry
powders are settled by a cyclone separator, and close inspection shows a smooth crumpled
morphology. This process is rapid and scalable; these nanosheet dispersions can be spray-dried
more rapidly than they can be produced.

Here, we apply this spray drying technique to BNNSs, MoS,, and WS, dispersions to
investigate the universal use of this process; we demonstrate for the first time that inorganic
nanosheets can be crumpled. The dispersions were spray dried at 220°C and 60 psi. Figures 10a,
10b, and 10c depict the first-ever images of crumpled BNNSs, MoS,, and WS,, respectively.
The inset shows a magnified view of the crumpled sheets. The morphology of the crumpled
particles indicates that all three nanosheets deformed due to capillary forces exerted on them
during droplet evaporation. Our group is currently studying the mechanism of the nanosheets

deformation. High surface tension at the water-air interface induces buckling of the nanosheets.
14
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Complete removal of the water results in 3D particles with a dimpled appearance on the surface.
The typical particle size for the samples was 1-2 um, and the as-observed particle size
distribution appears to be fairly narrow. Additional SEM images of crumpled nanosheets are
shown in Figure S15.

When these images are compared against our earlier work on crumpled pristine graphene
and graphene oxide, we note certain similarities.”® In particular, the crumpled appearance of the
inorganic nanosheets shows a smooth appearance with large dimples; this is similar to the prior
images of pristine graphene. This implies that the deformation mechanism is similar for both
pristine graphene and these inorganic nanosheets. This crumpling mechanism was detailed in our
earlier work with pristine graphene. The schematic of the proposed mechanism is illustrated in
Figure S16, which shows a droplet of the nanosheet dispersion coming out from the atomizer and
flowing through the spray drier in the hot air stream. During evaporation, the nanosheets
concentrate at the surface of the droplet and form a continuous shell. The final crumpled
morphology can be explained by elastic shell deformation theory.®’” As the water evaporates,
capillary forces compress the shell; consequently, the nanosheet shell yields and buckles due to
strong compression forces, in accordance with elastic shell deformation theory.’*>® This buckled,
dimpled appearance is distinct from that shown by crumpled graphene oxide, which displays a
tightly wrinkled appearance because of functional groups, surface defects, and localized
bending.***° Again this process, particularly the balance between convective and diffusive
mass transfer, is discussed in detail in the previous report.”

Interestingly, the images in Figure 10 bear remarkable similarity to those seen in Doshi et
al.’s simulations of elastic shells undergoing isotropic volume reduction.**®" Depending on the
moduli of the shell itself, dimpled structures form as the interior volume is reduced. If the

15
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nanosheets form a near-enclosed shell for the final stages of evaporation, these simulations are a
strong indicator of the physical mechanisms of buckling and dimple formation.
4. Conclusions

We demonstrate a simple and effective technique to disperse inorganic layered
nanomaterials in a range of solvents, using PVP as dispersant. These nanosheets include BNNSs,
MoS; nanosheets, and WS, nanosheets. The aqueous dispersions of the inorganic nanomaterials
in presence of polymer were stable after centrifugation. The aqueous dispersions also showed
aggregation-resistance even after freeze-drying and redispersion. The morphology (lateral size,
number of layers, and hydrodynamic radius) of the nanosheets was measured by TEM, SEM, and
DLS. Such dispersions are useful for preparation of both nanosheet-based films and dielectric
polymer nanocomposites.

Our simulations show that the PVP chain initially exhibits random thermal motion in
water and eventually approaches within the range of interaction with the BNNS. The three
simulations indicate that once the chain gets within close proximity of the BNNS, the separation
distance between the two does not increase. This observation suggests a strong affinity between
the PVP chain and the BNNS in the presence of water. We note that similar affinity between
cello-oligosaccharide oligomers and cellulose crystal surface was observed in prior MD
simulations work.”> Future work will consist of determination of the free energy profile for the
separation of the PVP chain from the BNNS in water solvent. Such free energy calculations will

yield detailed information on the mechanism of PVP adsorption on the BNNS surface.

Furthermore, the aqueous dispersions were spray dried to form a 3D crumpled nanosheet
powder. The SEM images of the first-ever crumpled nanosheets confirm the 3D morphology of

the final product. Such techniques can be used to produce crumpled nanosheet powders with
16
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high surface area and aggregation resistance, suitable for dielectric composites and energy
storage electrodes.
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Figure 2. Images of PVP-stabilized aqueous dispersions of (a) BNNSs, (b) MoS,, and (c) WS,
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Figure 3. Tyndall effect demonstrated for PVP-stabilized aqueous dispersions of (a) BNNSs, (b)
MoS,, and (c) WS,
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Figure 4. SEM images of the parent bulk material (a) BN, (b) MoS,, and (c) WS,
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Figure 5. HRTEM images of: (a, b) BNNSs, (¢, d) MoS, nanosheets, (e, f) WS, nanosheets.
Images in (a, ¢, ) show folded BNNS, MoS,, and WS, sheets. Images in (b, d, f) show sheet
edges of the dispersed nanosheets; sheet edges indicate that the nanosheets are 2-5 layers thick.
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Figure 6. The final concentration of dispersed, stable nanosheets increases with the initial
concentration of the parent material in the sonication vial (PVP concentration is 10 mg/mL).In

some cases, a plateau is reached, possibly due to increased viscosity and decreased sonication
efficiency.
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Figure 7. The effect of increasing PVP concentration on the final nanomaterial concentration in
the dispersion is demonstrated (20 mg/mL parent material in sonication vial). Again, there is a
decrease and a plateau at higher PVP concentrations; this may be due to increases in viscosity
and decreasing sonication efficiency.
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Figure 8. Freeze-dried, PVP-stabilized (a) BNNSs, (c) MoS,, (e) WS, powders and the
corresponding redispersed (b) BNNSs, (d) MoS,, (f) WS, in water. The freeze dried powders
were then dispersed in water without sonication for (g) BNNSs, (h) MoS,, (i) WS,, yielding
partial recovery of the initial dispersion.
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Figure 9. The shortest distance of the PVP chain from the surface of the BNNS. Initial distances
are shown as red (8.15 A), blue (18.25 4), and green 33.4 4.
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Figure 10. SEM images of crumpled nanosheets collected from the spray dryer; (a) BNNSs, (b)
MoS,, and (c¢) WS,. The inset shows a magnified view of the crumpled nanosheets. The dimples
indicate the formation of hollow shells with sides buckled in; this has been observed in the prior
literature on elastic powder shells formed during spray drying of other particulate dispersions as
well.
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