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Abstract

Hexagonal boron nitride (hBN) is a structural analog of graphene, with unique mechanical,
thermal, and optical properties that make it desirable for a variety of applications. Production
of stable dispersions of well-exfoliated hBN nanosheets, particularly in a nontoxic and
inexpensive way, is an important step in the production of hBN macromaterials on an industrial
scale. Here we investigate the use of surfactants for exfoliating and dispersing hBN in aqueous
solution. Dispersions in nine different surfactants and water were compared based on
dispersion yield, quality, and stability. It was revealed that at low centrifugal force, large-
molecular-weight nonionic surfactants disperse the most material. In contrast, when stronger
centrifugation is applied, all surfactants produce similar dispersion yields, with dispersions in
ionic surfactants containing significantly more exfoliated nanosheets and remaining stable over
much longer periods of time. Finally, to demonstrate the scalability and effectiveness of these
systems for making macroscopic materials, a dispersion of hBN in sodium dodecyl sulfate (SDS)
was used to produce a transparent hBN film that can be deposited on glass and potentially used
as an antibacterial or thermally resistant coating.
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Introduction

Hexagonal boron nitride (hBN), also known as “white graphene”, is a structural analog of
graphene, composed of a honeycomb-like structure of sp?-hybridized, alternating boron and
nitrogen atoms, as shown in Figure 1. hBN has a large Young’s modulus (~1 TPa),%? that does not
suffer from increasing BN layers stacking,® excellent thermal conductivity (~¥360 W/mK),*
approaching that of copper, and impressive thermal stability, not experiencing oxidation in air
until temperatures greater than 900°C.> Additionally, hBN has a wide band-gap (~5.9 eV), making
it an electrical insulator,® and it is nearly transparent to visible (vis) light.® These unique and
enticing properties make hBN a strong contender for a wide variety of potential applications,
including its use as thermal and mechanical reinforcements for composites,”*? in two-
dimensional composites with graphene for electronics applications,>*3® and as lubricants,'”!®
among others®'%=25 Intriguingly, the polarity of the B-N bond and the range of edge functional
groups present in the material give hBN a different surface charge distribution compared to that
of graphene, which could influence its dispersibility.

Figure 1. Schematic showing the honeycomb-like structure of hBN. These nanosheets extend laterally in two dimensions
reaching micrometer sizes, with subnanometer thicknesses.

The top-down manufacturing of advanced materials made from this building block relies
on the ability to produce stable dispersions of well-exfoliated hBN nanosheets (mono- or few-
layer). The production of these dispersions on a large scale requires the exfoliation of the two-
dimensional (2D) nanosheets from the three-dimensional (3D) bulk material. Some studies have
explored exfoliation methods that can be applied to a variety of 2D materials, including graphene
and transition metal dichalcogenides.?62® Several groups have attempted to achieve hBN
exfoliation in various ways, including the use of solvents,”2629-33 3cids and bases,'83*37 covalent
functionalization,®'”344 biomolecules,'%'%4> polymers,10:2446-0 gnd surfactants,?®>1>* among
others.>>>2 Amid these many options, surfactants are advantageous for many industrial
applications, as they have low toxicity, are inexpensive, and do not disrupt the sp? hybridization,
and therefore the thermal and mechanical properties of hBN. Despite these advantages, very few
surfactants have been tested for the dispersion of hBN. To the best of our knowledge, besides
one report that utilized Pluronic F68,°! which did not report the dispersion yield, only anionic
surfactants have been tested to date.?®>?7>* Moreover, the wide variety of dispersion techniques
applied prevents direct comparison from one report to the other. While significant progress has



been made, continued efforts are necessary to produce dispersions of well-exfoliated nanosheets
at high concentrations, without significantly reducing the lateral dimensions from the bulk
material. A systematic study of hBN dispersion in different types of surfactants is necessary to
continue efforts toward optimizing their yield and exfoliation quality for industrial applications.
Such studies have been performed on carbon nanotubes (CNTs),® boron nitride nanotubes
(BNNTSs),%! and graphene,®? and have been important references for others in the field.

In this work, we study the exfoliation and dispersion of hBN in aqueous solutions using
nine surfactants commonly employed for the dispersion of nanoparticles (the surfactant
structures are given in Figure 2).2%60-62 Groups of anionic, cationic, and nonionic surfactants
were used in order to study how the presence and type of ionic charges affect the dispersibility
of hBN. As we suspect long periods of ball milling or ultrasonication, commonly used to
produce these dispersions,?8°1°2>4 |ikely contribute to cutting of the lateral dimensions of the
nanosheets, we stirred the mixtures to disperse the bulk material before applying a short
period of bath sonication. Afterwards, the dispersions were subjected to two different
centrifugation settings: one relatively low (100g), which produces high dispersion yield and
provides a larger distinction between surfactants, and another relatively high (8,000g) to
remove the majority of aggregates larger than few-layered nanosheets, optimizing dispersion
quality and stability. The resulting dispersions were characterized by gravimetric, spectroscopic
and microscopy experiments to assess the dispersion yield, exfoliation quality, and stability
over time. The results of these experiments enabled us to elucidate how surfactant selection
impacts the efficiency of the exfoliation and dispersion of hBN, which could then be used to
make thermally resistant and antibacterial coatings.
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Figure 2. The molecular structures of the nine surfactants used in this work. SDS = sodium dodecyl sulfate; SDBS = sodium
dodecylbenzenesulfonate; SC = sodium cholate; CTAB = cetyltrimethylammonium bromide; CTAC = cetyltrimethylammonium
chloride; DTAB = dodecyltrimethylammonium bromide; PF108 = Pluronic F108; PF88 = Pluronic F88; PF87 = Pluronic F87;
Pluronic® = poly(ethylene oxide)-poly(propylene oxide)-poly(ethylene oxide) (PEO-PPO-PEO) triblock copolymer.



Experimental Section

Materials. Hexagonal boron nitride was purchased from Sigma-Aldrich (powder, ~1 um, 98%);
sodium dodecyl sulfate (SDS, > 98.5%), sodium cholate (SC, SigmaUltra > 99%) and sodium
dodecylbenzenesulfonate (SDBS Technical grade) were purchased from Sigma-Aldrich;
cetyltrimethylammonium bromide (CTAB 98%) was from Alfa Aesar; cetyltrimethylammonium
chloride (CTAC 96%) was from BTC; dodecyltrimethylammonium bromide (DTAB 98%) was from
from TCl America; and Pluronic F108, F88, and F87 from BASF. All materials were used as received
with no further purification.

Instrumentation. Thermogravimetric analysis (TGA) was performed with a Mettler Toledo
TGA/DSC 3+ system. Samples were heated from 25°C to 1000°C at 10 °C/min. Atomic Force
Microscopy (AFM) measurements were performed with a Nanoscope llla scanning probe
microscope controller from Digital Instruments in tapping mode using silicon cantilevers.
Cryogenic transmission electron microscopy (cryo-TEM) was performed with a Thermo Fisher
(FEIl) Talos 200C high-resolution TEM at an accelerating voltage of 200 kV. Specimens were
maintained below -175 °C in the microscope using a Gatan 626 cryo-holder, and imaged in the
low-dose imaging mode, to reduce electron-beam radiation-damage. Images were recorded
digitally by a FEI Falcon lll direct-imaging camera and TIA software, with the help of the “volta
phase-plate” (FEI) to enhance image contrast. Absorbance measurements were acquired using a
Shimadzu 2450 UV-Vis spectrophotometer. Samples prepared for absorbance measurements
were centrifuged in glass inserts, as exposure to plastic can result in impurities that also absorbs
in the UV. { potential measurements were obtained using a Malvern Zen 3600 Zetasizer with the
dispersions injected into folded capillary cells. All measurements were conducted at 25°C and at
the natural pH of the surfactant solution. Scanning electron microscopy (SEM) images of the
prepared film were performed with a FEI Helios NanoLab 660 SEM. All images were taken without
coating with a conductive layer. Charging was reduced by imaging at 1 kV, 50 pA, and at a close
working distance of ~4 mm. X-ray photoelectron spectroscopy (XPS) measurements were
performed using a Phi Quantera scanning X-ray microprobe. Survey scans were done at 140 eV,
and 26 eV was used for high-resolution analysis.

Preparation of Dispersions. Surfactant concentration, stir time, and sonication time were
roughly optimized in sodium cholate (SC, Table S1), but were kept the same for all surfactants for
direct comparison. Approximately 20 mg hBN were added to a vial outfitted with a stir bar
followed by 1 wt % surfactant solution for an initial concentration of 2 mg/mL. The solution was
stirred for 1 h, bath-ultrasonicated for 20 min (Cole-Parmer 8891, 42 kHz), and then centrifuged
at either 100g or 8000g for 30 min.

Determination of Dispersion Yield. For samples prepared by the 100g centrifugation method,
the supernatant was filtered through a poly(tetrafluoroethylene) (PTFE) membrane (ADVANTEC,
hydrophilic, 0.2um pore size) twice and washed with plenty of water and isopropyl alcohol (IPA)
to remove the surfactant. The filter was dried for 1 h at 110°C and the final mass of hBN recorded.
This was divided by the initial mass of hBN and multiplied by 100% to get the dispersion yield.

For samples prepared by the 8,000g centrifugation method, the supernatant was
collected in a separate vial for other measurements and the pellet was redispersed in water. The
redispersed pellet was then filtered through the PTFE membrane filter and washed with water
and IPA to remove the surfactant. The filter was dried for 1 hour at 110°C, and the final mass of



hBN was recorded. This was subtracted from the initial mass of hBN, to get the amount of hBN
that was left in the supernatant, and then divided by the initial mass of hBN and multiplied by
100% to get the dispersion yield.

Preparation of Control Sample. Approximately 20 mg hBN were added to a vial with 10 mL of
1 wt % surfactant. This solution was sonicated for 20 min, then filtered through a PTFE
membrane, washed with water and IPA to remove surfactant, and its final dry mass was
recorded. As no centrifugation or transfer steps were undertaken, the final mass of hBN should
be equal to the initial amount added. The final solid was analyzed by TGA to ensure all of the
surfactant was removed during the washing process.

Testing Dispersion Stability. Dispersions were prepared as detailed above in water, SDS, CTAC,
Pluronic F88, and Pluronic F87, and the supernatants were collected. These surfactants were
chosen as their absorbance does not overlap too significantly with that of hBN. For the 8,000g
centrifugation method, UV-vis absorbance measurements were taken on Days 0O, 1, 3, 5, 7, 14,
21, 24, and 90. The absorbance was measured from 190 to 500 nm with 1 nm wavelength
resolution. The absorbance of free surfactant solution was subtracted, and the resulting
absorbance at 205 nm was recorded and tracked over time. After the initial measurement, the
samples were diluted with a surfactant solution, adjusting all samples to have the same initial
hBN concentration.

For the 100g centrifugation method, UV-vis absorbance measurements were only taken on
days 0 and 1, as a significant amount of material had crashed out of solution after 24 h. For each
absorbance measurement, 0.1 mL of the concentrated sample was added to 3 mL of DI water.
The absorbance of free surfactant solution diluted by the same amount was subtracted, and the
resulting absorbance at 205 nm was recorded for each time point.

Preparation of AFM Samples. The supernatant from each hBN dispersion was collected for
imaging. AFM samples were prepared by depositing the hBN dispersion on a freshly cleaved mica
surface (primed with MgCl,). The surface was heated to ~120°C using a hot plate, and the
dispersion was applied through a spray bottle in order to deposit a fine mist that could quickly
dry. For surfactant samples, excess surfactant was removed by dipping the mica into water (ionic
surfactants) or methanol (Pluronic surfactants), and drying with air. This process was repeated
twice before further washing with isopropanol (ionic surfactants) or methanol (Pluronic
surfactants). All samples were left to dry in the oven at 110°C for 1 hour.

Determining hBN sheet thickness and lateral width. AFM images were processed using
Gwyddion software. Profiles through the middle of about 100 randomly selected nanosheets
were drawn and used to obtain height and width measurements for each sheet. The results were
plotted in a histogram for each surfactant used and fitted to a Gaussian curve using MATLAB.

Preparation of Cryo-TEM Specimens. Specimens were prepared in a controlled environment
vitrification system (CEVS) at a temperature of 25 °C and 100% relative humidity to prevent water
evaporation.®® A drop of about 3 uL was applied onto a perforated carbon film supported on a 3
mm copper TEM grid. The drop was blotted with a filter paper to form a thin film (<300 nm) and
was vitrified by plunging into liquid ethane at its freezing point.

Preparing a Transparent hBN Coating. Two hundred milligrams of hBN was dispersed in 100
mL of 1 wt % SDS according to our usual dispersion procedure of stirring, sonicating and
centrifuging. The dispersed material was centrifuged at 1000g for 30 min to remove large
aggregates and then filtered through an alumina membrane and washed with isopropanol. The



film produced on top of the filter was dried in an oven at 110°C overnight, and then floated on
water. A transparent coating of hBN was deposited onto a glass slide or Al stubs for SEM imaging.

Results and Discussion

The dispersions of hBN in aqueous solutions using nine different surfactants were
analyzed based on dispersion vyield, stability over time, and exfoliation quality (nanosheet
thickness and lateral width). As detailed in the experimental section, for each dispersion, hBN
was added to a 1 wt % solution of surfactant to make a 2 mg/mL initial concentration of hBN. The
solution was stirred for 1 h, bath-sonicated for 20 min (42 kHz), and then centrifuged for 30 min
at either 100g or 8000g. The mass of hBN that remained dispersed in the supernatant after
centrifugation was determined by filtration and weighing. The stirring step was added in an
attempt to reduce the long sonication times commonly used for these dispersions and to
preserve the lateral dimensions of the nanosheets.?®>? The very low centrifugal force (100g)
maximized hBN dispersion yield and provided a greater distinction between the surfactants,
while the larger centrifugal force (8000g) resulted in improved dispersion quality and stability.
Control experiments were performed for each surfactant, with no centrifugation step, to ensure
all material was recovered and that the surfactant was completely removed during the washing
steps, as confirmed by TGA (Figure S1).

Figure 3 presents the dispersion vyields obtained for both the 100g and 8000g
centrifugation preparations for all nine surfactants and water. The hBN dispersion yields for the
100g centrifugation preparation ranged between ca. 3 and 16%. Pluronic surfactants best
dispersed hBN under these conditions, with yields ranging between ca. 8 and 16%. Within this
group, Pluronic F88 (molecular weight (MW) ~11,400 g/mol, 80% hydrophilic) produced the
largest yield of dispersed hBN (ca. 16%), compared to the larger PF108 (MW™~14,600 g/mol, 80%
hydrophilic) and the smaller PF87 (MW~7,700 g/mol, 70% hydrophilic), indicating there was no
effect from the surfactant size in this case. After the nonionic surfactants, the three anionic
surfactants (SDS, SDBS, and SC) and DTAB (cationic) all disperse approximately the same amount
of material (ca. 5%), while CTAB and CTAC (also cationic) disperse the least (ca. 3%), regardless
of ion size or pH. These results are similar to the results previously reported for graphene.®? For
the ionic surfactants, we observed that in this case dispersion might be related to surfactant size.
SDS, SDBS, and DTAB all have a 12-carbon aliphatic tail, while CTAC and CTAB have a 16-carbon
hydrophobic tail. Likely, the shorter aliphatic chains interact more easily with exfoliated hBN
nanosheets and stabilize them. Smith and coworkers saw a similar result when comparing CTAB
and TTAB (tetradecyltrimethylammonium bromide) in the dispersion of graphene.®?> Moreover,
it is expected that the steroid structure of SC and the benzene ring in SDBS promote these
interactions even further, which would compensate for their larger size and it is likely why these
ionic surfactants have been so commonly utilized for making dispersions of hBN and other 2D
materials, 282626465 however, no marked differences were observed when compared with SDS.
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Figure 3. Dispersion yields of hBN in nine surfactants and water, after centrifugation at 100g and 8,000g. Images of the
produced dispersions can be found in Figures S2 and S3.

When the dispersions are centrifuged at 8000g, the mass conversion results are similar for all of
the surfactants (ca. 2-3% for all surfactants). Similar yields (20-25 pug/mL) were also obtained by
Smith et al. for the dispersion of graphene with different ionic surfactants, with the exception of
SDS and lithium dodecyl sulfate (LDS) that produce 10 ug/mL dispersions.®? This could mean that
surfactants do not have an important role in the exfoliation process; rather, they are important
in stabilizing the nanosheets as soon as they become exfoliated. In addition, it should be noted
that water, without the addition of surfactant, showed a larger dispersion yield than most of the
surfactant solutions at both centrifugal forces. While this might sound counterintuitive when
compared to other layered materials, such as graphene, the key is in the edge termination of
hBN, which contains polar groups that make them somewhat hydrophilic. The top and bottom
parts of an hBN crystal are formed of basal plane layers, which can be relatively hydrophobic.
However, the sides have boron oxide and amine terminations, evidenced by XPS (Figure S4),
which make the sides of the crystal hydrophilic.®® Therefore, a large area of the surface of hBN
(particularly when multiple layers are stacked) is hydrophilic enough for it to disperse in water.
Wang and co-workers previously reported that surfactants can reduce the amount of hBN that is
dispersed into solution, but they can improve the dispersion stability.>® Therefore, we expect the
quality of hBN dispersions in water alone to be poor in comparison to those prepared with
surfactants, which will be evaluated by stability tests and imaging shown below. Hydrolysis of
hBN by sonication in water has also been reported,** however, we do not expect the short
sonication time used here to be enough for this to occur to a significant extent.

In addition to a large dispersion yield, it would be beneficial for many applications to have
dispersions that remain stable for extended periods of time. The best way to test this is with
periodic UV-vis absorbance measurements, measuring the concentration of hBN and how it
changes over time. Dispersions prepared in four of the surfactants and water were tracked by
UV-vis for 24 days (Figure 4). The surfactants chosen were those that overlapped the least with
hBN absorbance (Amax = 205 nm), and could, therefore, have the surfactant absorbance
subtracted as background. Dispersions were prepared as usual, by the 8000g centrifugation
method, and then, the supernatant was collected and diluted with surfactant so all dispersions
had the same initial hBN concentration. The diluted dispersions were left undisturbed. Samples



prepared by the 100g centrifugation method all experience > 30% fallout within 24 h; thus long-
term stability tests were not conducted.
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Figure 4. UV absorbance (at 205 nm) of hBN dispersions in surfactant solutions and water tracked over 24 days.

There were clear differences in the stability of the hBN dispersions for the surfactants
tested. The ionic surfactant dispersions, SDS and CTAC, remained stable for the duration of the
experiment. Though we could not test the other ionic surfactants, due to their large absorbance
at 205 nm, we expect they would follow a similar trend, particularly after considering microscopy
results, as shown below. By comparison, the nonionic surfactant dispersions were not as stable
over time. The hBN concentration in PF88 fell below a detectable amount after day 10, and
dispersions in PF87 also showed a considerable decrease in concentration over time (~63%).
Water also showed a significant drop in concentration over time, with a ~¥37% decrease in
absorbance over 24 days, a smaller drop than with the Pluronic surfactants, likely aided by the
edge —OH and —NH groups present on the nanosheets.** It seems that without the electrostatic
interactions provided by ionic surfactants, these dispersions (either in water by itself or with
nonionic surfactants) are more prone to aggregating and crashing out of solution. The water, SDS,
and CTAC samples were inspected again after 90 days. While the water dispersion had crashed
out completely by that time, SDS and CTAC maintained 82 and 63% of their original hBN
concentration, respectively, further confirming the stability of dispersions in ionic surfactants. In
all, while dispersions prepared at low centrifugation show a larger dispersion yield, they are not
stable over time. In contrast, dispersions prepared with higher centrifugal forces have a lower
yield but are significantly more stable. In particular, the ones prepared with ionic surfactants
show remarkable stability over time.

C potential measurements were performed in an attempt to further elucidate the
dispersion yield results, and to verify the stabilization mechanism. Measurements were taken of
the dispersions in nine different surfactants and water. For all ionic dispersions, which are
stabilized by electrostatic interactions, the ‘Q ‘ is greater than the accepted value for colloidal
stability (~25 mV), meaning restacking and aggregation of the hBN nanosheets should be minimal



(Figure 5).52 The dispersion in water also has a ‘ C ‘ slightly higher than 25 mV, indicating some
electrostatic stabilization, likely from the hydrophilic groups on the sheets’ edges. Finally,
the ‘ C ‘ for all dispersions in nonionic surfactants was less than 25 mV. This was not surprising, as
the stabilization mechanism for these surfactants is steric rather than electrostatic in nature. In
previous studies with boron nitride nanotubes and graphene, the ‘ C ‘ of the dispersions in ionic
surfactants trended with the concentration of material that was dispersed.®>®? In this case,
however, there is no apparent correlation. These results support our earlier suggestion that
surfactants may not have an important role in the exfoliation process, and, therefore, do not
dictate dispersion yield, but rather, are necessary to maintain the dispersion stability.
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Figure 5. Zeta potential measured for hBN dispersions in the nine surfactants and water centrifuged at 100g and 8,000g.

Perhaps, the most important attribute of these dispersions is the quality of the dispersed
material; i.e., the extent of exfoliation and sheet diameters. AFM imaging was utilized to
determine the thickness and lateral length of the hBN in these surfactant dispersions (Figure 6
and Figure S5 and S6). After 100g centrifugation, AFM images show that all dispersions look
similar, containing mostly large aggregated crystals up to about 250 nm in height, with very few
exfoliated nanosheets present (Figure S5). Only dispersions in CTAB showed exfoliated
nanosheets more frequently, while still having large aggregates within the sample. This
aggregation correlates to their low stability over time, mentioned previously, and tendency to
flocculate. Moreover, it can help explain why water and the nonionic surfactants could produce
much greater dispersion yields than the ionic surfactants after the low centrifugation trials. The
hBN aggregates (with hundreds of stacked sheets) have two very different surfaces; the top and
bottom, which are relatively hydrophobic, and the outside edges, which are hydrophilic. In the
case of well-exfoliated nanosheets, the hydrophobic tail of a surfactant interacts with the large
hydrophobic surface of the sheet and project its polar group into the water interphase, therefore
increasing the sheet’s solubility. However, as these nanosheets stack together forming these
aggregates, the relative ratio between the hydrophobic and hydrophilic surface areas decreases.
In this case, the association of the surfactant to the, now much larger, hydrophilic surfaces results
in a reduction of the hydrophilicity of the material, and reduces its dispersibility in water. For
ionic surfactants, which rely on electrostatic interactions to maintain dispersion stability, this
results in a low dispersion yield. On the contrary, nonionic surfactants utilize steric stabilization,
with their large hydrophilic groups extending and swelling into the aqueous environment around



the nanosheet, giving more stabilization to the large stacked crystals.®” Furthermore, without
surfactant, the increased surface area of hydrophilic group due to stacked layers promotes the
hBN crystal’s affinity for water, producing a relatively large dispersion yield in water alone.
Unfortunately, regardless of surfactant utilization, the large size of the particles makes the
dispersions unstable and they severely flocculate within 24 hours.

On the contrary, in samples centrifuged at 8000g, considerably more exfoliated
nanosheets could be located. Samples could be differentiated based on the surfactant used,
showing primarily individual nanosheets in images of ionic surfactant dispersions and primarily
aggregates in nonionic surfactants (with the exception of Pluronic F87) and water. Figure 6 shows
representative images demonstrating this pattern, and images from all dispersions can be found
in Figure S6. This pattern was further confirmed by cryo-TEM images of dispersions in SDS, DTAB,
Pluronic F88, and water after 8000g centrifugation (Figure 7 and Figure S10). As seen by AFM,
dispersions in SDS and DTAB reveal thin, exfoliated nanosheets, with unform, rather low contrast
against the water, while dispersions in PF88 and water reveal large aggregates of material,
showing much larger contrast, especially where particles overlap (arrows).
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Figure 6. Representative AFM images and height profiles for a sampling of the surfactants and water at 8000g centrifugation.

Bright yellow areas in surfactant samples are from excess surfactant that did not get removed (Figure S6, phase image).
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Figure 7. Cryo-TEM images of hBN dispersions in SDS, DTAB, Pluronic F88, all 1.0 wt %, and water. Note in SDS and DTAB thin,
exfoliated nanosheets, with uniform, rather low contrast against the water, while in dispersions in PF88 and water, one sees
large aggregates of material showing much larger contrast, especially where particles overlap (arrows). Black spots in the image
are surfactant micelles.

To further analyze the quality of these dispersions after 8000g centrifugation, about a
hundred randomly selected hBN nanosheets for each dispersion were measured and plotted in
histograms to visualize trends in sheet thickness and lateral width for each surfactant and water
(Figures S7-59). The histograms were each fitted to a Gaussian distribution, and the mean (u) was
used to estimate the average thickness and lateral width of each dispersion. The results are
summarized in Figure 8. First, when comparing the thickness of the resulting hBN nanosheets,
two different types of dispersions were found. All the ionic surfactants and nonionic Pluronic F87
produced dispersions with more exfoliated hBN nanosheets, with average thicknesses ranging
from 0.8 nm (DTAB) to 1.8 nm (SDS) (Figure S7). This nanosheet thickness is similar to other
reports of effectively exfoliated hBN using surfactants,®® indicating sheets with individual or very
few layers were achieved. On the contrary, Pluronic F88, Pluronic F108, and water still contained
hBN crystals with average thicknesses of 12-16 nm (Figure S7 and S9).
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This difference in sheet thickness can again be explained by each surfactant’s different
dispersion stability mechanism. As mentioned above, it appears unlikely that the surfactant plays
a role in the exfoliation process but rather is necessary for dispersion stabilization, with
sonication providing enough shear to exfoliate the hBN crystals into thin nanosheets. For ionic
surfactants, the hydrophobic tail of the surfactant seems to adhere to the basal hBN plane,
preventing stacking with other hBN nanosheets and stabilizing the dispersion by projecting their
ionic group into the water interphase. In the case of the nonionic surfactants tested, the same is
expected to happen, but as they have no ionic groups, they are not as efficient in stabilizing the
dispersion and keeping the sheets from reaggregating. This is reflected by the thicker crystals
observed for PF88 and PF108, which are similar to those observed in water. On the contrary,
PF87 can stabilize thinner nanosheets and provide a longer stability time. This is thought to be
due to its smaller size (MW ~7700 g/mol) and larger proportion of poly(propylene oxide) (PPO)
groups (30% hydrophobic) compared to PF88 and PF108. Given the higher content of PPO groups,
PF87 is expected to bind strongly to the surface of hBN, hiding from water both the PPO groups
of the surfactant and the basal plane of hBN, and projecting the poly(ethylene oxide) (PEO)
groups into the water interface. While PF87 produces good exfoliation of hBN, the stability tests
show that the dispersions in ionic surfactants such as SDS and CTAC are even more stable over
time. This indicates that repulsive electrostatic interactions produced by ionic surfactants are
more efficient in stabilizing the dispersions than steric stabilization in Pluronic surfactants, while
also producing the most exfoliated nanosheets.

The average lateral width for the hBN nanosheets in the dispersions ranged from 310 nm
(SC) to 854 nm (PF108) (Figure S8 and S9). Generally, the nonionic and anionic surfactants
produced dispersions of smaller nanosheets on average (~300 to 450 nm each) than the cationic
surfactants (~500 to 800 nm), with the exception of PF108. Overall, when the goal is to obtain
the thinnest, most exfoliated nanosheets with the largest lateral dimensions, the best quality
dispersions were prepared with DTAB, with an average thickness of 0.8 nm and the second-
largest average lateral width of 805 nm.
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~800
-600
~400
200
-0

Lateral Width (nm)

SDS sSDBS SC CTAB CTAC DTAB PF87 PF88 PF108 Water
Figure 8. Average thickness and lateral width of 100 hBN nanosheets in the 10 dispersions after 8000g centrifugation.
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Further studies were conducted to determine the impact of sonication time and
centrifugal force on the yield and quality of the produced dispersions. Dispersions for these
experiments were prepared using CTAC, as it produced the best quality nanosheets in dispersion
(thinnest and largest), among the surfactants that we could be study by UV-vis. As mentioned
previously, absorbance from DTAB, CTAB, SDBS, and SC overlaps considerably with that of hBN.
First, to test the impact of centrifugation force, samples were prepared as usual but with
centrifugal forces of 100g, 1000g, 2000g, 4000g, and 8000g. Then, to test the effect of increasing
sonication time, samples were prepared as usual, but with varying sonication times of 5, 20, and
60 min. These samples were analyzed by UV-vis absorbance to determine the amount of hBN
present in the dispersion and imaged by AFM to determine the relative quality of the produced
dispersions, as determined by the thickness and lateral width of the sheets. Figure 9a-c shows
the impact of centrifugal force on hBN concentration, thickness, and lateral width, respectively.
As centrifugal force increases from 100g to 1000g the absorbance, and therefore concentration,
of hBN is reduced almost three times but only experiences small reductions as the centrifugal
force is further increased. This decrease in concentration also correlates with a decrease in
average thickness, as aggregates are forced out of solution. The lateral width distribution of the
nanosheets also decreases slightly as centrifugal force increases, but the overall impact is
minimal. Figure 9d-f reveals the impact of increasing sonication time on the quantity and quality
of dispersed hBN material. As sonication time is increased, the absorbance increases, as more
material is able to exfoliate and get into solution. Changes in the thickness and lateral dimensions
of the nanosheets are within error for all the sonication times tested. Overall, it appears that
increasing the sonication time to 60 min increases the concentration of material in solution, with
little impact on the lateral width and thickness of the sheets. Thus it seems that the ideal
parameters for maximizing dispersion yield, while maintaining dispersion quality, are ~60 min
sonication time paired with a centrifugal force between 2000g and 8000g. Much longer
sonication times or increased sonication power, as utilized in previous studies,?®>? are still
expected to result in a dramatic reduction in lateral width.
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Figure 9. Plots showing the impact of centrifugal force (a-c) and sonication time (d-f) on hBN sheet concentration, thickness,
and lateral width. As centrifugal force increases, we see a decrease in absorbance (a) and thickness (b) with little impact on
lateral dimensions (c). As sonication time increases, we see an increase in absorbance (d), and fairly insignificant changes in
thickness (e), or lateral width (f).

Finally, to demonstrate the scalability and usefulness of these systems for making
macroscopic materials, a dispersion prepared in SDS was used to produce a thin, transparent
coating on glass (Figure 10a). Such hBN coatings have been proposed for bacterial growth
suppression?%%? or fire protection.”® Since hBN is completely transparent to visible light, such
coatings could be applied to imaging or detection systems without obscuring the signal. This was
demonstrated by placing the coating over an image (Figure 10b). SEM imaging of the prepared
film reveals a uniform layer of hBN nanosheets (Figure 10c,d). The thickness of these films was
estimated using AFM to be ca. 400 nm.
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Figure 10. Transparent coating of hBN floating on water (a) and deposited on glass (b), showing the image is not obscured by
the film. SEM images (c,d) of the film reveal a relatively uniform layer of hBN nanosheets.

Conclusion

A systematic study of hBN dispersion in nine surfactants and water was conducted under
two different dispersion preparation conditions. The dispersions were either centrifuged at a low
centrifugal force (100g) to optimize the dispersion yield, and produce a greater distinction
between surfactants, or at a higher force (8000g) to optimize the dispersion quality and stability.
It was determined that after 100g centrifugation, nonionic surfactants, and particularly PF88
(MW ~11400 g/mol), dispersed the most material (ca. 16% yield). However, the quality of these
dispersions was poor, primarily consisting of small stacked crystals of hBN rather than exfoliated
nanosheets. After 8000g centrifugation, all of the surfactants had very similar dispersion yields
(ca. 2-3%) and all dispersed less material than water alone; however, the quality and stability of
the dispersions produced by ionic surfactants greatly surpassed those produced by nonionic
surfactants or water. Additionally, dispersions in ionic surfactants, SDS and CTAC, could be
monitored by UV-vis and were found to remain stable for at least 24 days, while those in nonionic
surfactants and water experience significant fallout over time. Finally, a transparent coating of
hBN on glass was prepared from a dispersion of hBN in an SDS aqueous solution, demonstrating
the applicability of these systems to produce macroscopic materials. These films could be used
in applications including antibacterial or thermally resistant coatings.

Through a combination of gravimetric, spectroscopic, and microscopy experiments, we
determined that cationic surfactants, and more specifically DTAB, are the best choice for efficient
exfoliation and dispersion of hBN. However, the similarity in results for all ionic surfactants
reveals that the specific surfactant selection can be optimized based on the intended application,
without fearing a major loss in dispersion yield or quality. Moreover, we found that our dispersion
method, utilizing a combination of stirring, short sonication times, and high centrifugal forces,
was ideal for preserving hBN sheet lateral dimensions while still obtaining dispersions of primarily
thin, few-layered hBN nanosheets. Future work could aim to optimize these dispersion conditions
further to increase dispersion yield without compromising quality or stability.
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ASSOCIATED CONTENT Supporting Information Available: Optimization of the dispersion
procedure in sodium cholate, TGA confirmation of the surfactant removal, images of the
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8000g centrifugation, histograms of the hBN sheet thickness and lateral width in dispersions
after 8000g centrifugation, supplementary cryo-TEM images, and AFM images of dispersions
after 24 days.
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