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Abstract

We report the exfoliation process optimization, physicochemical characterizations, and comparative
aggregation behavior of the inorganic 2D nanomaterial hexagonal Boron Nitride (h-BN) produced
from two repetitive sonication-centrifugation processes with varying centrifugation speeds and
recycle frequency: Continuous and Segmented protocols. Enhancing exfoliation efficiency and
understanding aqueous stability are essential for sustainable design and environmental applications.
Results showed that the Segmented protocol outperformed the Continuous protocol by having a six-
fold increase in the exfoliated h-BN nanosheet yield by reusing the unexfoliated bulk h-BN and
decreasing centrifugation speeds. Centrifugation speeds of 1880 and 950 rpm produced nanosheets of
similar sizes due to the slight difference in the centrifugal force generated in both protocols. Moreover,
nanosheets from both protocols had enhanced polarity due to the higher amounts of —OH bonds
attached to the exposed edges of the nanosheets. However, the hydroxylation percentage of the
nanosheets decreased with centrifugation speed. Both protocols produced h-BN nanosheets that were
stable in DI water dispersion. The comparatively lower initial aggregation rate at all centrifugation
speeds supported the fact that the Segmented protocol nanosheets were more stable than the
Continuous ones. The Segmented protocol h-BN nanosheets showed better overall stability at lower
speeds than the other centrifugation speeds. Segmented protocol nanosheets from 3750 rpm had the
lowest aggregation rate than the other centrifugation speed. These findings assist in finding the balance
between exfoliation protocol, environmental application, and implication of h-BN nanosheets.

1. Introduction

Two-dimensional (2D) nanomaterials are receiving increasing attention due to their ultrathin structure and
promising features. Graphene-analogous hexagonal boron nitride (h-BN) is a sp” hybridized network of the
same amounts of boron (B) and nitrogen (N) organized in a honeycomb structure [1]. Their wide bandgap [2],
high thermal conductivity [3], electron tunneling property [4], mechanical strength [5], biocompatibility [6],
and photoluminescence [7] make them suitable for applications in photodetectors [8], bioimaging, drug
delivery, and biosensing [9]. Their usage has recently been expanded for water remediation through
contaminant adsorption and degradation. This nanomaterial has excellent performance as an adsorbent to
remove organic [10, 11] and inorganic pollutants [10, 12]. They have also been used independently or as
cocatalysts to degrade organic contaminants via photocatalytic activity [2, 13—17]. This increasing usage
potential indicates the need for sustainable and scalable production of high-quality 2D h-BN nanosheets [18].
2D h-BN nanosheets are obtained using bottom-up methods like chemical vapor deposition, pulsed layer
deposition, thermal plasma, and pyrolysis, and top-down methods like mechanical cleavage, laser ablation,
chemical weathering, and liquid phase exfoliation [19-21]. Among these, liquid phase exfoliation is one of the
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most investigated methods for exfoliating 2D nanomaterials in a scalable manner [1]. This method uses
sonication in aliquid media dispersion of bulk h-BN to exfoliate individual layers and centrifugation to separate
the exfoliated portion of the dispersion from the unexfoliated counterpart. Different solvents including
N-methylpyrrolidone (NMP) [22], isopropanol [23], ionic liquids [24], N, N-dimethylformamide (DMF) [25],
and water [26] have been explored to produce 2D h-BN nanosheets. Most of these procedures use high-energy
sonication for an extended period (8-96 h) [22-26], high-temperature pretreatment (180 °C-1000 °C) [27, 28],
and high-speed centrifugation (4000-10000 rpm) [1, 22, 25] to obtain the exfoliated nanosheets. Despite the
considerable effort required for these processes, the reported yield and concentrations of exfoliated h-BN
nanosheets are low (0.04-6.8%) [22—-26]. This overall low yield could be attributed to the partial ionic nature of
the interlayer bonding present in these 2D nanosheets [29, 30]. Some processes are able to achieve comparatively
high yields (>10%) through complicated procedures such as adding chemical agents—metal [1], gelatin [31],
and salts [22, 24] during sonication.

By improving the yield of the h-BN nanosheets, bulk h-BN waste might be minimized. One approach to
reducing material wastage is reusing the unexfoliated bulk materials for repetitive rounds of sonication and
centrifugation. It has been reported that one additional cycle of brief sonication and centrifugation might
increase total exfoliation yield [24]. Another work used isopropyl alcohol (IPA): water solvent to increase the
yield through this process [32]. While these protocols provide higher yields of nanosheets, the solvents used here
have shown moderate toxicity levels [33, 34]. For sustainable application, less hazardous and simple solvents,
such as ethanol: water solutions, might be used for increasing the exfoliation efficiency via sonication. The
previous studies have shown that ethanol: water solution is an effective medium for exfoliating h-BN nanosheets
via sonication [35-38]. A successful exfoliating solvent should have surface tension close to that of h-BN
(35 mN m ") to reduce the exfoliation energy, maximize dispersion efficiency, and inhibit reaggregation
[39—41]. Mixing ethanol and water creates a solvent with a surface tension of 30.69 mN m ', higher than pure
ethanol (22.31 mN m ") and lower than pure water (72.75 mN m ™ ') at 20 °C [42]. As this is the reccommended
range (30-40 mN m ') for successful exfoliation, this mixed solvent provides a better exfoliation yield than the
pure ones [38]. Along with this, the ethanol-water solvent is low-cost and less toxic. The lower viscosity of the
mixed solvent also reduces the solution’s resistance to the ultrasonic probe’s movement, leading to increased
cavitation and efficient exfoliation [43, 44]. For these reasons, the ethanol-water solvent needs to be used for the
repetitive sonication centrifugation process to increase the exfoliation yield of h-BN nanosheets. Moreover,
subsequent centrifugation at different speeds would efficiently separate h-BN nanosheets with varying sizes and
thickness ranges from the unexfoliated materials [23, 45, 46]. Variable centrifugation speed during wet
exfoliation processes via sonication-centrifugation might be utilized to optimize the exfoliation process and
reduce material wastage. Therefore, the repetitive sonication centrifugation processes using ethanol: water
solvent and varying centrifugation speed need to be investigated to evaluate changes in h-BN nanosheet yield.
However, no such studies exist in the literature.

Furthermore, given the increasing consideration of exfoliated h-BN nanosheets for applications in
environmental remediation, it is vital to prioritize a comprehensive understanding of its behavior in aqueous
media [35, 47, 48]. The colloidal stability of h-BN in aquatic environments is a critical factor influencing their
bioavailability and interactions with environmental organisms [49, 50]. This knowledge will also assist in the
practical design and implementation of environmental applications that involve the aqueous dispersion of
similar 2D nanomaterials [51-54]. Sonication of bulk h-BN in the presence of different solvents exfoliates and
induces different extents of changes in the physicochemical properties of the resulting exfoliated h-BN
nanosheets. Based on the exfoliant solvent, different functional groups attach to the h-BN nanosheets’ surface
and significantly alter the nanosheets’ chemical properties. With water in the exfoliant solvent, hydroxyl (—OH)
groups attached to the nanosheets during sonication and increase the polarity of the h-BN nanosheets
[24, 26, 55]. Based on the enhanced polarity of these h-BN nanosheets, their aqueous dispersibility might
change. As varying centrifugation speeds separate exfoliated h-BN nanosheets of different lateral sizes and layer
thickness ranges, their subsequent differences in physicochemical properties potentially influence the
nanosheets’ aggregation behavior in aqueous media. Previous research on the aggregation behavior of 2D h-BN
nanosheet and 3D h-BN nanosphere focused on ion effects [35, 56] and the presence of other stabilizing agents
[57] rather than the exfoliation process of these nanomaterials. The focus of this study was to address the
knowledge gap in understanding the influence of the exfoliation processes on the colloidal stability of h-BN
nanosheets. Gaining insight into this aspect might help optimize their exfoliation process and usage for water
remediation purposes.

The objectives of this paper were to (i) compare the yield of h-BN nanosheets from two repetitive sonication-
centrifugation processes, (ii) examine the changes in physical morphology, chemical structures, and
electrokinetic properties of the exfoliated nanosheets obtained from these two processes, and (iii) evaluate the
effects of the exfoliation process on the colloidal behavior of the exfoliated h-BN nanosheets in the aquatic
environment using DI water and an EPA standard toxicity testing media, Moderately Hard Reconstituted Water
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(MHRW) [58]. A non-hazardous solvent, ethanol: water solution, was used to exfoliate the h-BN nanosheets. In
one exfoliation method, the precipitated unexfoliated h-BN from the initial exfoliation cycle was reused for eight
sonication cycles, with the centrifugation speed being reduced every three cycles. This approach allows the
nanosheets obtained to reflect the combined effects of both sonication time and centrifugation speed. In the
second method, bulk h-BN was reused for three sonication cycles only for a specific centrifugation speed. This
method focuses on the influence of centrifugation speed, producing nanosheets that primarily demonstrate
speed effects without additional contributions from extended sonication. In both protocols, centrifugation
speeds 0f 3750, 1880, and 950 rpm were used to obtain h-BN nanosheets of varying size ranges. For determining
the physicochemical properties of the nanosheets, High Resolution Transmission Electron Microscopy
(HRTEM), Scanning Transmission Electron Microscopy (STEM), Energy Dispersive X-ray Spectroscopy (EDS),
and X-ray Photoelectron Spectroscopy (XPS) were employed. For measuring the effect of different exfoliation
processes and centrifugation speeds on the colloidal stability of the nanosheets, hydrodynamic diameter, surface
charge, and initial aggregation rate of the h-BN nanosheets dispersed in DI water were measured usinga
Zetasizer and time-resolved dynamic light scattering (TRDLS) technique. The effect of ionic strength on the
colloidal stability of the exfoliated nanosheets from different protocols was also studied by dispersing them in DI
and MHRW to elucidate their environmental application potential. The EPA standard toxicity media MHRW
was used to determine the h-BN nanosheets’ potential for environmental implications.

2. Experimental section

2.1. Materials

Boron Nitride Ultrafine Powder (99%) or bulk hexagonal Boron Nitride was purchased from Graphene
Supermarket, Ronkonkoma, NY. Ethanol (Anhydrous, 200 proof) was obtained from the Decon Labs, Inc. King
of Prussia, PA. The salts Potassium Chloride (99-+%, ACS, Fisher Scientific), Sodium Bicarbonate (99+%, ACS,
Fisher Scientific), Magnesium Sulfate Heptahydrate (98+4%, ACS, Sigma Aldrich), and Calcium sulfate
dihydrate (98+%, ACS, Sigma Aldrich) were used to prepare the Moderately Hard Reconstituted Water
(MHRW) [58].

2.2.Methods

2.2.1. h-BN nanosheet exfoliation process

For both protocols, 1 g bulk h-BN was placed in a 500 mL glass beaker. 90 mL Ethanol was added to the beaker,
followed by 110 mL Deionized (DI) water to create a 200 mL 45:55 Ethanol: DI water dispersion. The dispersion
was sonicated for 3 h using a probe sonicator Q700 (Qsonica, Newtown, CT) with a 1 /4” (6.4 mm) microtip
probe (#4420). The amplitude of the sonicator was set to 50 corresponding to a power input of 22-25 W. The
pulse on and off times were set as 8 s and 2 s, respectively. After sonication, the solution was transferred to 50 mL
polypropylene conical tubes and centrifuged at 3750 rpm to separate the supernatant with Centrifuge Sorvall
Legend RT (Thermo Fisher Scientific, USA). The precipitate from the first batch was returned to the sonicator
after adding 90 mL ethanol and 110 mL DI water successively. The supernatant was decanted in a 200 mL glass
beaker and kept in the oven (Shel Lab Economy Vacuum Oven, SVAC2E, Sheldon Manufacturing, GA) at 85 °C.
The dried h-BN powder was scraped with a stainless-steel laboratory spatula with a scoop and stored in a 20 mL
aluminum foil-wrapped scintillation vial at 20 °C until further use.

For the first protocol of repetitive sonication-centrifugation, this cycle was repeated 8 times with the
centrifuge speed reducing every three cycles. The centrifuge speed was varied to separate h-BN nanosheets with
wider particle size distributions. The first three batches were centrifuged at 3750 rpm, the next three at 1880
rpm, and the last at 950 rpm. This exfoliation sequence is denoted as the Continuous protocol, and the h-BN
nanosheets obtained from 3750, 1880, and 950 rpm are addressed as C3750, C1880, and C950, respectively. For
the second exfoliation sequence, the exfoliated h-BN nanosheets were produced in a similar repetitive
sonication centrifugation cycle, with only new bulk h-BN being introduced for every three cycles of different
centrifugation speeds. This sequence is further denoted as the Segmented protocol, and the h-BN nanosheets
obtained from 3750, 1880, and 950 rpm are addressed as S3750, S1880, and S950, respectively. Figure 1 shows
the general scheme of the repetitive sonication-centrifugation procedure for h-BN nanosheet exfoliation.

Table 1 lists the total sonication time, centrifugation speed for both protocols, and the amount of bulk
h-BN used.

2.2.2. h-BN nanosheet characterization

The physicochemical properties of the exfoliated h-BN nanosheets were characterized using HRTEM, STEM,
EDS, and XPS. The second sub-batch from each centrifugation speed (B, E, and H) was used for both protocols
for these characterizations (Except for C3750, sub-batch A, B, and C were mixed). For HRTEM, STEM, and EDS
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Figure 1. Schematic illustration of h-BN nanosheet exfoliation protocol.

Table 1. Sonication time and centrifugation speed for different h-BN nanosheets.

Bulk h-BN mass (gram) Total sonication time (hours)

Sub-batch Centrifugation speed (rpm)

Continuous Segmented Continuous Segmented
A 3 3 3750
B 1 (reused for A-C) 6 6 3750
C 9 9 3750
D 12 3 1880
E 1 (reused for A-I) 1 (reused for D-F) 15 6 1880
F 18 9 1880
G 21 3 950
H 1 (reused for G-T) 24 6 950
1 27 9 950

images, the h-BN powder was placed in a 10 ml glass beaker, followed by ethanol, to prepare a homogeneous
0.1 mg ml™" dispersion. The dispersion was bath sonicated for 5 min using the Emerson Branson M3800 Bath
Sonicator (St. Louis, MO). Then, 5 l of this dispersion was dropped 3—4 times on carbon-coated copper TEM
grids (200 mesh, TedPella Inc., Redding, CA). A kimwipe was used to remove the excess ethanol from the grid
bottom after each drop for faster drying and lesser aggregation of the nanosheets. The grid was then placed on an
aluminum foil wrapped hotplate surface at 60 °C until the drying was complete, and then the dried nanosheet
containing TEM grid was transferred to the sample holder for the HRTEM. The HRTEM images of the h-BN
nanosheets were captured using FEI Tecnai Osiris (Scanning) Transmission Electron Microscope (STEM) with
an accelerating voltage of 200 kV and equipped with Electron Dispersive Spectroscopy (EDS), placed at the
Nebraska Center for Materials and Nanoscience (NCMN) at the University of Nebraska- Lincoln (UNL). For
each condition (speed and protocol), 30 individual nanosheets from the STEM images were analyzed using
Image]J software (National Institutes of Health, USA) to estimate the lateral dimension distribution of the h-BN
nanosheets [59-61]. According to the Central Limit Theorem (CLT), the mean would be a normal distribution
of asample with >30 size, irrespective of the actual population distribution. This normal distribution of the
sample mean enabled statistical technique applications such as confidence intervals and hypothesis testing.
Using a sample size of 30 also reduced the standard deviation of mean (SDM), ensuring the confidence interval
(CI) was reasonably narrow and precise. The Fast Fourier Transform (FFT) and inverse FFT images were
analyzed to determine the layer-to-layer distance, atomic distance, and angular measurements of the h-BN
nanosheets using the Image] software. The high-angle annular dark field (HAADF) images of the bulk and
exfoliated h-BN nanosheets were captured using the STEM imaging mode. The EDS tool acquired the intensity
spectrum generated from the part of the bulk and exfoliated h-BN captured in the HAADF-STEM images as a
function of x-ray energy (up to 20 keV). Elements were selected for elemental mapping of the bulk and exfoliated
h-BN nanosheets based on the peaks from these intensity graphs.

The atomic composition and bonding characteristics of the exfoliated h-BN nanosheets were analyzed using
XPS valence band spectra with the Thermo Scientific K-alpha+ Surface Analysis XPS/UPS System (Thermo
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Fisher Scientific Inc., Waltham, MA). The dried h-BN nanosheet powder was placed on a double-sided copper
tape, ensuring a consistent depth of the powder across the tape before degassing inside a chamber overnight. XPS
spectra were acquired by irradiating a solid surface of exfoliated h-BN nanosheet powder with Al Ko x-rays at
1486.6 eV. Concurrently, the kinetic energy of photoelectrons emitted from the top 1-10 nm of the analyzed
material was measured. The XPS data was analyzed for peak fitting using the CasaXPS software version
2.3.25PR1.0.

2.2.3. Preparation of moderately hard reconstituted water (MHRW)

The MHRW was prepared following the EPA protocol [58]. 500 mL DI water was added to a 500 mL volumetric
flask. Then, salts were added in this order: 61.25 mg of MgSO,.7H,0, 48 mg of NaHCO3, 30 mg of CaSO,.
2H,0, and 2.0 mg of KCI. The flask was shaken well to dissolve the added salt before moving to the next one. The
pH of the solution ~7.8—8.0 was measured after storing for 24 h. The ionic strength of the final MHRW solution
was calculated to be 5.16 mM. The solution was stored at 4 °C for later use.

2.2.4. Surface charge and colloidal stability analysis

The surface charge and colloidal stability of the exfoliated nanosheets were measured using the electrophoresis
and TRDLS techniques, respectively [35, 62]. The Malvern ZetaSizer Nano Z590 equipped with a4 mW He—Ne
633 nm laser (Malvern Instrument, Worcestershire, UK) was used to measure the zeta potential and
hydrodynamic diameter. The dried h-BN nanosheet powder was homogeneously dispersed by sonicating it for
more than 5 min with a bath sonicator in different aqueous media (DI and MHRW) to form a 0.1 mg mL ™"
suspension. The zeta potential was measured by placing 800 pL h-BN nanosheet dispersion in the disposable
Malvern Panalytical folded capillary zeta cell. Atleast 10 zeta potential measurements were recorded for each
h-BN nanosheet sample. Around 1.2 mL of the 0.1 mg mL ™" h-BN suspension was transferred to a four clear-
sided disposable polystyrene square cuvette and placed inside the ZetaSizer chamber for size measurement. The
hydrodynamic diameter measurement was obtained continuously for 30 min with 15 s intervals between data
collection using the 90° scattering detector angle [35]. The refractive index and absorption coefficient for h-BN
nanosheets were 2.2 and 0.01, respectively [35, 63]. This measurement is the projected size of a sphere that can
scatter light similarly to the particle that is being measured. The DLS technique employed by the Zetasizer
instrument measured the scattering intensity of particles moving due to Brownian motion and calculated the
Z-Avgvalue using the Stokes—Einstein equation. After collecting the hydrodynamic diameter information, the
Zetasizer software used algorithms to calculate the decay rate of the correlation function to produce particle size
distribution. This was used as an approximated size estimation to compare the hydrodynamic diameters of the
bulk and exfoliated nanosheets from two different protocols [35, 64, 65]. The intensity averaged Z-Avg value can
provide a highly useful understanding of the nanosheet size distribution in the dispersion [66]. The results for
these nanosheet samples are still comparable as they have been measured using the same dispersant and
technique following the instrument guideline.

2.2.5. Statistical analysis

The OriginPro 2024 software was used to perform the statistical analysis for this study. The Two-way Analysis of
Variance (ANOVA) method was used to determine the overall statistical significance of the influence of
exfoliation parameters on the lateral area distribution of the h-BN nanosheets. The three-way ANOVA method
was used to determine the statistical significance of the influence of exfoliation parameters and dispersion media
on the surface charge and colloidal stability of the exfoliated h-BN nanosheets. For the ANOVA analysis, the
probability level with p < 0.05 was considered statistically significant. The above ANOVA analysis cases also
included Post hoc Tukey’s test to identify which groups’ means differ. Group means are considered significantly
different when classified with different letters.

3. Results and discussion

3.1. Physicochemical property characterization

3.1.1. Physical morphology

Figure 2 provides information on the h-BN nanosheet yield and physical morphology changes in the bulk and
exfoliated h-BN nanosheets from the two exfoliation protocols used in this study, Continuous and Segmented,
using high magnification TEM images (5-20 nm). Figure 2(a) compares the exfoliation yield between these two
protocols. The overall yield increased 3—6 folds by reusing the unexfoliated h-BN. By reusing the bulk h-BN, the
total yield increased from 1.33 (for single-time sonication) to 5.85% at the centrifugation speed of 3750 rpm,
2.24107.02% at 1880 rpm, and 3.96 to 11% at 950 rpm for the Continuous exfoliation protocol. For the
Segmented exfoliation protocol, the total yield increased from 1.56% to 5.99%, 2.70% to 11.03%, and 3.54% to
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Figure 2. (a) Yield comparison of Continuous and Segmented protocols under varying centrifugation speeds showcasing higher yield
of h-BN nanosheets from Segmented protocol and low centrifugation speed of 950 rpm, HRTEM images of (b) bulk h-BN
documenting 10-96 layers of h-BN nanosheets, (c) h-BN nanosheets with 3 layers from Continuous protocol, and (d) h-BN
nanosheets with 3—13 layers from Segmented protocol, (e) inverse FFT image of figure 2(d) with rhombus-shaped unit cells labeled for
hexagonal lattice and corresponding FFT as inset, and (f) representative illustration of the basal plane of a single layer of h-BN
nanosheet with the two atom-based rhombus-shaped unit cell and the associated geometrics.

22.53% for centrifugation speeds 3750, 1880, and 950 rpm, respectively. This indicates unexfoliated h-BN from
the precipitate are able to produce more h-BN nanosheets via repeated cycles of sonication and centrifugation.
This, in turn, increases the total yield of h-BN nanosheets. With a decrease in centrifugation speed from 3750 to
950 rpm, the h-BN nanosheet yield increased as lesser h-BN nanosheets were precipitated at alower speed.
Using new bulk h-BN for different centrifugation speeds in the Segmented protocol yielded a higher amount of
h-BN nanosheets compared to the Continuous one. While a higher centrifugation speed of 3750 rpm produced
asimilar yield of h-BN nanosheets for both protocols, the lower centrifugation speeds at 1880 and 950 rpm
provided higher h-BN nanosheet yields in the Segmented protocol compared to the Continuous one. In the
Continuous protocol, the initial h-BN mass used for the exfoliation decreased after every step of the process. The
exfoliation efficiency in the Continuous protocol might decrease as the initial concentration of bulk h-BN in the
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ethanol-water solvent decreases from 5 mg mL ™' to 4.71 mg mL ™' and 4.39 mg mL ™" at 1880 and 950 rpm
centrifugation speed, respectively, compared to that in the Segmented protocol (5 mg mL™"). This indicates that
more exfoliated h-BN was obtained through the Segmented repetitive sonication centrifugation process.

The HRTEM images, presented in figures 2(b)—(e), were used to validate the exfoliation of h-BN nanosheets
from bulk h-BN through imaging of the physical morphology. The HRTEM image of bulk h-BN (figure 2(b))
showed multilayered structures with a wide range of 10-96 layers and an average of 27 4= 20 nanosheets stacked
in different directions. The exfoliation process significantly reduced the range of the layer numbers in the h-BN
nanosheets, presented in figures 2(c)—(d), to 3—15 layers with an average of 9 & 5 layers; the lowest layer numbers
in the exfoliated h-BN nanosheets found through HRTEM images were three (3) layers (figure 2(c)). This overall
decrease in layer thickness after the exfoliation provides evidence of the efficacy of these exfoliation processes.

Figure 2(d) shows high-resolution images of multiple closely stacked layers of one exfoliated h-BN
nanosheet. The interlayer distance between two consecutive layers of h-BN nanosheets was measured to be
0.33 nm, which matches the previous literature [28, 67]. The Fast Fourier Transform image (FFT, figure 2(e);
Inset) associated with figure 2(d) provides crystallographic information about the h-BN nanosheets. FFT
converts the signal of the atoms’ placement from a spatial domain in the HRTEM image to a frequency
distribution of pixel intensity. The FFT image in the inset of figure 2(e) showcases 6 bright symmetric spots
equidistant from the center and the nearby neighbors, indicating the six atoms in the hexagonal structure of
h-BN nanosheets [68]. The position of these bright spots will be the same if the center axis is rotated 60° six
times, indicating a six-fold symmetry. In other words, the six-fold symmetry corresponds to the hexagonal
honeycomb structure of the h-BN nanosheet. The inverse FFT is performed on the FFT image to transform the
processed frequency data back to spatial information (figure 2(e)). The white spots in figure 2(e) form the ‘two
atom-based rhombus-shaped unit cells’ (marked as yellow rhombus) of the hexagonal 2D Bravais lattice pattern
with a 120° angle. The distance between two neighbor white spots, i.e., arms of these unit cells, is estimated to be
0.24 nm from the plot profile added in the Supplementary Information (SI; figure S1). This is similar to the
interatomic distance or lattice constant of h-BN of ~(0.22-0.25) nm reported in previous literature [69-71].
Additionally, the angular measurements between the two directions of white dots were measured to be 118.2°
using figure 2(e). These values follow the literature, indicating that these layers are part of h-BN nanosheets.
From the d spacing and angular measurements obtained using the inverse FFT image in figure 2(e), the B—N
bond length is calculated to be 1.39 A, close to the 1.40—1.45 A value reported previously [69, 71]. A geometric
illustration of the basal plane of the exfoliated h-BN nanosheet has been added in figure 2(f) to summarize the
lattice information discussed above.

Figures S2 and 3 show the low-magnification images (Bright field mode, 1 pm) that depict the lateral
dimensions and shapes of bulk h-BN and exfoliated h-BN nanosheets from different exfoliation protocols. The
bulk h-BN in figures S2(a) and S2(b) had larger (>1 jum) lateral-sized flakes stacked together. Both uniformly
round (figure S2(a)) and irregularly shaped (figure S2(b)) bulk h-BN sheets were observed to be clustered
together. Figures 3(a)—(c) correspond to the exfoliated nanosheets C3750, C1880, and C950 produced via the
Continuous protocols, respectively, where ‘C’ designates the Continuous protocol, and the numbers correspond
to the centrifugation speeds in rpm. Figures 3(d)—(f) are the $3750, S1880, and S950 nanosheets from the
Segmented protocol. The h-BN nanosheets, corresponding to C3750 and S3750, obtained using 3750 rpm of
centrifugation speed, appeared to be irregular in shape with lateral sizes smaller than those of bulk h-BN
(figures 3(a) and (c)). They have smaller lateral sizes than nanosheets from 1880 and 950 rpm, indicating that the
supernatant at higher centrifugation speed did contain nanosheets with smaller sizes.

The h-BN nanosheets from the 1880 rpm, i.e., C1880 and S1880, showed varying sizes and shapes
(figures 3(b) and (e)). The h-BN nanosheets in C1880 and S1880 were smaller in lateral size (< 1 pm) than the
bulk h-BN ones (figures S2(a) and S2(b)). These exfoliated h-BN nanosheets obtained are observed to be
irregularly shaped (having sides and angles of differing values) flakes both spread out (figures 3(b) and (e)) and
clustered form (Figures S2c and S2d). Some uniformly shaped exfoliated h-BN nanosheets were also found at
1880 rpm (Figure S2e¢). The h-BN nanosheets from the 950 rpm, i.e., C950 and S950 nanosheets, contained
mostly spread-out irregularly shaped flakes (figures 3(c) and (f)). Similar to the exfoliated h-BN nanosheets from
1880 rpm, some uniformly round nanosheets were also observed at the low speed of 950 rpm (figure S2(f)).
Figures 3(c) and (f) also showed a minuscule amount of aggregated h-BN structures in the exfoliated h-BN
nanosheets. These images indicate that the Continuous and Segmented protocols produce h-BN nanosheets of
similar size, shape, and structure at centrifugation speeds of 1880 rpm and below. Compared to the h-BN
nanosheets obtained at 3750 rpm, those from 1880 and 950 rpm contained less aggregated and larger nanosheets
(figure 3).

Lowering the centrifugation speed changes the lateral size and shape of the h-BN nanosheets being separated
during centrifugation. However, the TEM images show slight differences in the exfoliated h-BN nanosheets
obtained using 1880 and 950 rpm centrifugation speeds. The relative centrifugal forces for 3750, 1880, and
950 rpm were calculated to be 1572.19 x g, 395 x g,and 100.90 x g, respectively, using equation S1. The
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Figure 3. Low magnification TEM images of exfoliated h-BN nanosheets (a) C3750, (b) C1880, (c) C950, (d) S3750, (e) S1880, and (f)
$950. The letters Cand S correspond to the Continuous and Segmented protocols, while the subsequent numbers 3750, 1880, and 950
refer to the centrifugation speeds used to obtain the h-BN nanosheets.

difference in the forces applied during centrifugation speeds of 3750 and 1880 rpm with that of 950 rpm are 15.6
and 3.9-fold. As the force applied at 950 and 1880 rpm are closer compared to 3750, the lateral size range of the
nanosheets might appear to be closer in both centrifugation speeds. C1880 and S1880 had lateral area ranges of
0.02-0.47 pm* and 0.01-0.68 um?, respectively (measured from figures 3(b) and (e)). On the other hand, C950
and $950 had wider lateral area ranges of 0.053—-0.67 pm?and 0.01-0.8 pum?, respectively (measured from
figures 3(c) and (f)). Although the difference is relatively small, it is still present, indicating that these nanosheets
are not exactly similar. Other studies using that liquid phase exfoliation process and different centrifugation
speeds have already demonstrated that with higher centrifugation speed, the nanosheet layer number decreases
[72-74]. Hence, another possibility is that nanosheets from 1880 and 950 rpm might have varying layer
thicknesses despite the similar lateral size range.

Figure S3 compares the relative frequency distribution of the flake area of bulk h-BN and exfoliation h-BN
nanosheets obtained from the Continuous and Segmented protocols. The TEM image of bulk h-BN in figure
S2(a) was used for this analysis. The lack of adequate numbers of individual nanosheets in the TEM images of
C3750 and S3750 (figures 3(a) and (d)) hindered calculating the lateral area distribution in these samples. The
lateral area of the exfoliated h-BN nanosheets in figures 3(b), 3(c), 3(e), and 3(f) ranged from 0.01-0.8 pm?
(Figure S3), while the lateral area of the bulk h-BN in figure S2(a) ranged from 0.021-1.69 pm®. For the bulk
h-BN, the average lateral area is measured to be 0.39 =+ 0.55 um”. For the exfoliated h-BN nanosheets, both
protocols had an average lateral area less than the bulk h-BN. When compared between the two exfoliation
protocols, the Continuous and Segmented protocols, the S1880 nanosheets had a lower average lateral area of
0.11 £ 0.14 pum? (CI [0.06, 0.16] pm?, SDM = 0.026) compared to that of C1880, 0.19 & 0.12 um? (CI [0.15, 0.23]
}Lmz, SDM = 0.022). Similarly, nanosheets in S950 had a lower average lateral area 0of 0.13 £ 0.16 umz (CI[0.07,
0.19] pm?, SDM = 0.029) compared to that of C950, 0.21 % 0.15 um? (CI [0.06, 0.15] pum?, SDM = 0.027).

Two-way ANOVA analysis and post hoc Tukey’s test were performed to understand the significance of the
effects of different exfoliation parameters (exfoliation process and centrifugation speed) and their interactions
on the lateral size of the exfoliated h-BN nanosheets (table S1). However, irrespective of the exfoliation
parameters, all the average lateral areas were placed in the same group, ‘A’ (table S1). This finding exhibits no
statistical significance in the lateral area (p > 0.05) in nanosheets from both exfoliation protocols when the
centrifugation speed is 1880 rpm or lower. As the centrifugation speed increased from 950 to 1880 rpm, the
average value and the range of the lateral area of the exfoliated h-BN nanosheet decreased. This pattern indicates
afurther and significant reduction in the lateral area if the centrifugation speed increases to a higher level, such as
3750 rpm.
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Figure S3 shows that C950 and $950 had a larger area distribution range than thatin C1880 and S1880,
respectively. This larger size distribution at 950 rpm centrifugation speed could be due to fewer amounts of
larger nanosheets being precipitated with low centrifugation speed. Nonetheless, this difference is minimal to
influence the lateral area of the h-BN nanosheets significantly. While 1880 and 950 rpm centrifugation speeds
produce h-BN nanosheets of similar lateral area, the h-BN exfoliation yield is greater at the lower speed of
950 rpm (figure 2(a)). This indicates that the Segmented exfoliation protocol and 950 rpm centrifugation speed
might be viable for producing smaller-sized h-BN nanosheets with a higher yield.

3.1.2. Chemical composition analysis

The HAADF-STEM image was used to investigate the structural configuration of the bulk h-BN at the atomic
scale (figure S4(a)). Figure S4(b) shows the corresponding EDS spectra of the bulk h-BN HAADF-STEM image
in figure S4(a), displaying the presence of boron (B), nitrogen (N), oxygen (O), carbon (C), and copper (Cu)
peaks. The C and Cu presence was attributed to the TEM sample grid being a lacey carbon-coated Cu grid. The
corresponding elemental composition in figure S4(c) for the HAADF-STEM image of the bulk h-BN (figure
S4(a)) is primarily composed of B and N, with minimal O presence. Similarly, the HAADF-STEM image and
EDS analysis graph for the exfoliated h-BN nanosheets from S950 are presented in figures S5(a) and S5(b),
respectively. Figure S5(b) shows that the exfoliated h-BN nanosheets (figure S5(a)) had a similar elemental
presence as the bulk h-BN (figure S4(b)). However, exfoliated nanosheets showed a much higher O presence in
the elemental maps (figure S5(c)) than in the bulk h-BN (figure S4(c)). This indicates possible chemical
composition changes during exfoliation where the —OH group from the exfoliation solvent (water) is attached
to the exposed edges of the h-BN nanosheets (figure S5(c)) [75].

Based on the EDS and elemental mapping, further analysis was conducted by XPS to analyze the chemical
states and bond composition of different elements in the exfoliated h-BN nanosheets obtained from the two
protocols. Figures obtained from this analysis have been added to the SI (figures S6—12). The XPS survey scans
(figure S6) showed the presence of B, N, and O as the main elements, with some C, Si, Mg, and Na as impurities
in all the exfoliated h-BN nanosheets. While the Cis also present in the unprocessed bulk h-BN, the sources of
the other impurity elements could be adsorption from the exfoliant solvents or air exposure [27, 76, 77]. The
atomic percentages of the B, N, and O were calculated from the XPS survey scans after removing the
interferences from the impurities [75]. Comparison of B, N, and O peaks from the survey scan showed higher
atomic % of O and lower atomic % of B and N in the exfoliated h-BN nanosheets of the Continuous and
Segmented protocols than the bulk h-BN (figure S7). This higher O presence in exfoliated h-BN nanosheets
from both protocols might come from the water used in the exfoliant solvent during the exfoliation [26, 35, 78].
The B: N ratio increased slightly from 1.026 in the bulk h-BN to 1.155-1.187 and 1.1066—1.286 for the exfoliated
nanosheets of the Continuous and Segmented protocol, respectively. Only for the C1880, the B: N ratio
remained at 1.022. This increase in the atomic ratio and higher O presence in the exfoliated h-BN nanosheets
compared to the bulk h-BN indicate possible N substitution by O during exfoliation [28, 79]. The Segmented
protocol nanosheets contained 6.93, 6.21, and 0.59% more oxygen presence than the Continuous protocol
nanosheets for centrifugation speeds 3750, 1880, and 950 rpm, respectively (figure S7). This indicates that h-BN
nanosheets were more hydroxylated when the Segmented protocol was followed for exfoliation.

The nanosheets from C3750 and S3750, obtained using the highest centrifugation speed, had the largest O
contents (32.82% for C3750 and 35.1% for S3750) compared to those obtained from the lower centrifugation
speeds (figure S7). With high centrifugation speed, the nanosheets separated in the supernatant would be more
exfoliated and contain reduced layers and smaller lateral sizes. Mechanical energy from sonication might cause
the tearing effect to produce smaller-sized h-BN nanosheets [26]. This would result in a higher number of
exposed edges in the exfoliated nanosheets from higher centrifugation speeds. More —OH bonds might replace
the nitrogen on the edges and form B—OH bonds on the exfoliated nanosheets.

The B 1s scans of bulk h-BN and exfoliated h-BN nanosheets (figures 4(a), (b), and S8) were fitted to two
main peaks: 190.25 £ 0.10 eV for B—N [80-82] and 191.75 £ 0.36 eV for B—OH (table S2) [13, 14]. The C3750
and S3750 contained another peak attributed to B—O, positioned at 194.26 £ 0.08 eV [83]. The gradual shift
from 190.25 eV for B—N t0 194.26 eV for B—O is due to the electronegativity difference among the element or
functionalized group attached to the boron atoms [84]. While the —OH group is more electronegative than N, O
in B—O contains a higher negative oxidation state. This higher negative oxidation state resulted in a higher
binding energy of 194.26 eV [84]. Due to the addition of new chemical states, the B 1s spectra scans of exfoliated
nanosheets (figures 4(b) and S8) contained broader and asymmetric peaks than those of the bulk h-BN
(figure 4(a)).

Figures 4(c) and (d) compare the boron bond composition on the surface of the h-BN nanosheets obtained
from the Continuous and Segmented protocols, respectively, based on the B1s spectrum area analysis
(figures 4(a), (b), and S8). The amount of B—N bond (23.61-64.48%) was less in the exfoliated nanosheets from
both protocols compared to the bulk h-BN (91.35%) (figures 4(c) and (d)). This indicated that B atoms in the
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Figure 4. B 1s scan spectra and the peak fitting of B—N and B—OH bonds in the (a) bulk h-BN and (b) exfoliated h-BN nanosheets
(51880) show an increased amount of B—OH bond presence in $1880. Comparison of the boron chemical states of the exfoliated
h-BN from the (c) Continuous and (d) Segmented protocols indicates high centrifugation speed results in high hydroxylation in the
nanosheets. (e) Proposed schematic diagram of hydroxylated h-BN showcasing increased amount of B—OH bond presence after
exfoliation.

bulk h-BN are predominantly attached to N atoms. Compared to that, h-BN nanosheets from both protocols
showed a higher extent of hydroxylation (35.52—67.44%), indicating that B was also attached to —OH groups.
This provides evidence of chemical property change of h-BN nanosheets via —OH functionalization groups
substituting the nitrogen in the exfoliated nanosheets during the sonication [28]. Elemental maps of O content
in the bulk and exfoliated h-BN nanosheets in figures S4(c) and S5(c), respectively, corroborated similar
findings, as higher amounts of O were spatially distributed in the latter exfoliated samples (figure S5(c)).

Among the exfoliated h-BN nanosheets, the Segmented protocol samples showed a similar amount of B
—OH bond presence as the Continuous protocol samples for 3750 and 1880 rpm centrifugation speed. The
exfoliated nanosheets in C3750 and C1880 had 64.6% and 60.16% of the peak area associated with B—OH,
respectively, similar to the Segmented protocol ones, S3750 (64.35%) and S1880 (67.44%) (figure 4(d)).
However, with a decrease in centrifugation speed to 950 rpm, the hydroxylation percentage decreased to 35.52%
and 47.54% for the C950 and S950 nanosheets, respectively (figures 4(c) and (d)). Furthermore, the nanosheets
from S950 had 12.02% more area corresponding to the B—OH bond than the ones from C950. This indicates
that the Segmented protocol nanosheets have higher B—OH bond presence at low centrifugation speed than the
other protocol. This finding is also supported by the atomic % comparison obtained from the XPS survey scan
(figure S7). This increase in hydroxylation could be attributed to the higher number of exposed edges resulting
from nanosheets with more layers in the Segmented protocol (figure 2). A similar extent of hydroxylation as
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$950 and C950 had been reported previously, where heating at high temperatures (800 °C—1000 °C) was
introduced as a pretreatment before the sonication and centrifugation steps of exfoliation [28]. The exfoliated
nanosheets might have mostly boron atoms on the edges after tearing due to thermodynamically favorable
ammonia release in the solvent [26, 85]. This would make the nanosheets more accessible for the B-OH bonds.
While slight to no N defects might be present in the pristine bulk h-BN, the sonication step in the exfoliation
process might induce N defect in the h-BN lattice. The O or -OH might also occupy the defect space in the
nanosheet by bonding with the neighboring boron atoms [26, 76, 86, 871, leading to slight changes in the
structure of hydroxylated h-BN nanosheets. Figure 4(e) provides a schematic illustration of the proposed
hydroxylated structure.

Although table S1 shows no significant difference in the lateral area distribution of exfoliated h-BN
nanosheets obtained from 1880 and 950 rpm centrifugation speed, C950 and S950 did contain 5.56% and
3.125% more nanosheets with larger lateral areas than C1880 and S1880, respectively (figure S3). With
hydroxylation happening mainly on the exposed edge of the nanosheets, these larger nanosheets might provide
more sites for the —OH bond attachment. However, with the lateral size increasing, the proportion of exposed
edges to the lateral area decreases. As B—OH bonds are primarily on the edge, the ratio of B—-OH and B—N
declines. Due to this decline, a decreasing trend of B—OH bond presence with lower centrifugation speeds was
observed.

The N 1s scans of exfoliated h-BN nanosheets (figure S9) were fitted to two main peaks: 397.85 4 0.07 eV for
N—-B[70,84]and 399.45 £ 0.21 eV for N—H (table S2) [70, 84]. The sharp and symmetric N 1s peak in bulk
h-BN (figure S9(a)) became broader and asymmetric in all the exfoliated h-BN nanosheets due to the
introduction of N—H bonds (figures S9(b)-S9(g)). While no N—H bond was found in the bulk h-BN, exfoliated
h-BN from both protocols revealed the presence of this N chemical composition. The N—H bond might result
from hydrogen atoms binding to the exposed nitrogen on the torn-down h-BN nanosheets during
hydrolysis [70].

The amount of N—H bond in the exfoliated h-BN nanosheets increased with increasing centrifugation speed
for both protocols (figure S10). This bond could be attributed to 71.40% and 67.08% of the N 1s spectra of the
h-BN nanosheets exfoliated at 3750 rpm using the Continuous and Segmented protocols, respectively. At
950 rpm, this composition presence reduced to 35.01 and 44.22% for the exfoliated nanosheets from the
Continuous and the Segmented protocol, respectively. Similar to the trend of B—OH, the decrease of N—H
bonds with decreasing centrifugation speed could be due to the decreasing ratio of the exposed edge and the
lateral area of the nanosheets. Moreover, S950 contained 9.21% more area corresponding to the N—H bond
than the C950. This finding corroborated the higher B—OH bond presence in the Segmented protocol
nanosheets at 950 rpm than in Continuous protocol nanosheets (figure 4(d)). This increase in N—H bonds could
be attributed to the higher number of exposed edges resulting from nanosheets with more layers in the
Segmented protocol (figure 2). Furthermore, the pH of the h-BN dispersion before sonication was measured to
be 7.81 £ 0.03. After exfoliation, the pH level increased to 9.11 = 0.02. This increased pH could be due to the
transfer of N atoms from the exposed edges of the freshly torn nanosheets into the water during sonication and
subsequently forming ammonia [26]. This indicates that nitrogen atoms on the exposed edges of the exfoliated
h-BN nanosheets either formed N—H bonds or entered the solvent media as ammonia after sonication. This
ammonia might volatilize into the surrounding environment during the drying step, and if the concentration is
sufficiently high, this release could pose a health risk.

The O 1s spectrum of bulk h-BN (figure S11(a)) was fitted at 531.98 & 0.25 eV for either C—O [88, 89] or Si
—0[89, 90]. The low binding energy peak can be due to possible surface contamination. In the exfoliated h-BN
nanosheets (figures S11(b)—(g)), there was an additional peak (figure S11) at 533.68 + 0.33 eV for O—B (table S2)
[76,88,90]. The C 1s spectra signal was assigned to three different peaks, C—C, C—O—C, and C=0, ataround
284.4,286, and 288 eV, respectively, for the bulk and exfoliated h-BN nanosheets. Figure S11(a) shows the
absence of the O—B bond in the bulk h-BN, indicating no hydroxylation. Conversely, this bond presence
increased in the exfoliated h-BN nanosheets from both exfoliation protocols with increasing centrifugation
speed (figure S12) aligning with the B—OH and N—H bond formation data from the Blsand N 1s spectra,
respectively (figures 4 and §7). This indicates a higher amount of O attachment to the exfoliated nanosheet
surface.

3.2. Surface charge property of exfoliated h-BN nanosheets

3.2.1. Effect of dispersion media on surface charge

When dispersed in DI water, the h-BN nanosheets obtained from both protocols showed negative surface
charges greater than the aggregation threshold of —30 mV (figures 5(a) and (b)) [91]. Therefore, the surface
charge of the h-BN nanosheets in DI water ranged between —30.71 £ 0.55 to —34.48 £ 1.71 mV for the
Continuous protocol and between —31.6 £ 1.51 to —35.01 = 0.92 mV for the Segmented protocol (table S3).
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Figure 5. Surface charge or zeta potential, average hydrodynamic diameter, and initial aggregation rates of the exfoliated h-BN
nanosheets obtained from (a), (¢), (¢) Continuous and (b), (d), (f) Segmented protocols, dispersed in DI and MHRW as a function of
centrifugation speeds. The surface charge decreases for all h-BN nanosheets in the presence of ions. The hydrodynamic diameter of
the nanosheets increases with a decrease in centrifugation speed in both protocols. The Continuous protocol nanosheets show higher
initial aggregation rates than the Segmented protocol nanosheets.

These measurements are consistent with the zeta potential values of exfoliated h-BN nanosheets reported in the
literature that range from —26 to —52 mV [28, 35, 92, 93]. These high negative zeta potential values (>—30 mV)
indicate that the colloidal dispersions of h-BN nanosheets are stable, possibly due to a high electrostatic barrier
against aggregation between the exfoliated h-BN [62, 91]. However, when the h-BN nanosheets were dispersed
in the MHRW, their surface charge range decreased to —22.08 - 0.89 to —23.87 £ 0.71 mV for the Continuous
protocol and —20.49 4 0.49 to —27.07 £ 0.62 mV for the Segmented protocol. These measurements are also
quite close to the zeta potential values of hydroxylated h-BN nanosheets in the presence of similar
concentrations of ions previously reported [35]. The salt ions present in the 5.16 mM ionic strength MHRW
suspension decrease the amount of charge available on the slipping plane of the nanosheet surface. This, in turn,
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compresses the electric double layer and reduces the zeta potential of the h-BN nanosheets [35]. A three-way
ANOVA analysis was also employed here to understand the contributing effects of exfoliation protocols,
centrifugation speed, dispersion media, and their interactions on the surface charge of the exfoliated h-BN
nanosheets. The observed surface charge differences in the h-BN nanosheets dispersed in DI water and MHRW
were statistically significant (p < 0.05), irrespective of the exfoliation protocols and centrifugation speeds used to
produce the nanosheets. Tukey’s test surface charge means comparison presented in table $4 classifies the zeta
potential of h-BN nanosheets dispersed in DI water to the groups ‘E,” ‘F,” and ‘G’ and h-BN nanosheets dispersed
in MHRW to the groups ‘A,” ‘B,” ‘C,” and ‘D’. These different letter groups indicate a statistically significant
difference in surface charge based on dispersion media. This finding suggests that ions in the aqueous media
significantly influence the surface charge of h-BN nanosheets, leading to decreased stability.

3.2.2. Effect of exfoliation protocol on surface charge

For centrifugation speeds of 3750 and 1880 rpm, h-BN nanosheets from the Continuous protocol were more
negatively charged than those from the Segmented protocol, irrespective of the dispersion media (table S3).
Conversely, for the 950 rpm speed, h-BN nanosheets from the Segmented protocol carried more negative charge
than those from the Continuous protocol. This corroborates the findings from figures 4(c) and (d), where
nanosheets from 5950 contained 12.5% more —OH bonds than the C950 one. With more —OH groups attached
to the Segmented protocol h-BN nanosheets, they have a higher negative surface charge than those from the
Continuous protocol [94]. Hence, S950 would be colloidally more stable than the C950. Table S4 categorizes the
zeta potential of the C3750 and S3750 h-BN nanosheets in similar groups ‘F’ when dispersed in DI water, which
is expected given the similarity in the exfoliation protocols used to obtain these C3750 and S3750 h-BN
nanosheets. In both protocols, Continuous and Segmented, the centrifugation speed used for the first 3 cycles of
exfoliation is 3750 rpm. This indicates the degree of exfoliation for C3750 and S3750 at this stage is likely similar
due to the total identical mechanical forces applied. Except for this case, the exfoliation protocol significantly
influences the surface charge of the exfoliated h-BN nanosheets. In summary, h-BN nanosheets obtained from
the Continuous protocol have a greater surface charge at higher centrifugation speeds (1880 rpm). However, the
h-BN nanosheets from the Segmented protocol would have a higher surface charge at the lowest centrifugation
speed 0f 950 rpm.

3.2.3. Effect of centrifugation speed on surface charge

The surface charges of the h-BN nanosheets became more negative with decreasing centrifugation speed,
regardless of exfoliation protocol and dispersion media (figures 5(a) and (b)). However, in DI water dispersion,
h-BN nanosheets from C3750 and C1880 contained similar surface charges (Grouped as ‘G’ in table S4). In
MHRW dispersion, S3750 and S1880 h-BN nanosheets were classified as the group ‘A,” and C1880 and C950
were classified as the group ‘C,” indicating no statistical significance in their surface charges. S950 nanosheets
contained the highest negative surface charges in both dispersion media among all exfoliated nanosheets. $950
contained 6.25% more nanosheets than S1880, with a lateral area larger than 0.25 um? (figure S3). These larger
nanosheets in $950 might contain a higher number of exposed edges than those in S$1880. During sonication,
—OH groups attach to these exposed edges of the h-BN nanosheets. With more —OH groups attached to B sites
via favorable adsorption, the surface of the h-BN nanosheets becomes more negatively charged [95, 96]. For this
reason, h-BN nanosheets obtained using alow centrifugation speed of 950 rpm are colloidally more stable than
those produced using the higher centrifugation speeds.

3.3. Colloidal stability of exfoliated h-BN nanosheets

3.3.1. Effect of dispersion media on colloidal stability

The time dependent hydrodynamic diameter profiles of bulk h-BN and h-BN nanosheets obtained from all
centrifugation speeds, determined using the TRDLS technique, remained stable over time, within narrow
standard deviations when dispersed in DI water (figures S13(a) and S13(c)). However, bulk h-BN was observed
to have alarger hydrodynamic diameter with a wider standard deviation in MHRW dispersion with a slightly
decreasing trend (figure S13(b)). This trend is due to the large bulk h-BN aggregating to bigger nanosheets and
settling down with faster Brownian motion than the exfoliated nanosheets. On the contrary, in MHRW
dispersion, the hydrodynamic diameters of h-BN nanosheets increased gradually with time and had wider
standard deviations for all centrifugation speeds (figure S13(d)). These results indicated decreased colloidal
stability of the exfoliated h-BN nanosheets in MHRW dispersion compared to those in DI (figure S13(c)) [35].
This colloidal behavior difference between DI water and MHRW dispersions can be attributed to the decrease in
the surface charge of the h-BN nanosheets in the presence of ions in the case of MHRW (figures 5(a) and (b)). A
decrease in zeta potential reduces the electrostatic repulsion in the h-BN nanosheets. As a result, the nanosheets
become more susceptible to aggregation, leading to an increase in their hydrodynamic diameter [35, 56].
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Figures 5(c) and (d) present the average initial hydrodynamic diameter of the exfoliated h-BN nanosheets
dispersed in DI water and MHRW as a function of the centrifugation speeds for the Continuous and Segmented
protocols, respectively (also provided as table S5). The average hydrodynamic diameters of the h-BN nanosheets
obtained from the Continuous and the Segmented protocols are much smaller than the average hydrodynamic
diameter of bulk h-BN (2259 £ 694 nm) dispersed in DI water (figure S13(a)). While the bulk h-BN dispersion
demonstrated a wide particle size distribution with a polydispersity index (PDI) 0f 0.93 + 0.15, the exfoliated
h-BN nanosheets from both protocols had narrow particle size distribution ranges with lower PDI (table S6).
This difference in hydrodynamic diameter and PDI values in the bulk and exfoliated h-BN provided further
evidence of exfoliation, supporting the reduced-sized h-BN nanosheets in the TEM images in figures 3 and S2.
The PDI decreased with increased centrifugation speed for the Segmented protocol h-BN nanosheets. This
indicated the nanosheet size distribution was broader for low centrifugation speed. This is expected as larger
nanosheets are removed at high centrifugation speed. However, the opposite trend is observed for the
Continuous protocol h-BN nanosheet samples. In this protocol, C1880 was produced from the precipitate of
C3750, and C950 was produced from the precipitate of C1880. The bulk h-BN underwent repeated sonication
throughout the eight recycling steps, gradually producing uniform nanosheets with low PDI values (Final
precipitate PDI 0.567 £ 0.289). Starting a new cycle with an h-BN precipitate of lower PDI than the original bulk
h-BN further enhanced nanosheet uniformity. Hence, the PDI decreased from C3750 to C950 (table S6).
Compared to DI water, the average hydrodynamic diameters of h-BN nanosheets increased when dispersed in
MHRW. The h-BN nanosheets also had a wider diameter range in MHRW dispersion, for both protocols
(table S5).

A three-way ANOVA analysis was employed to understand the effects of different factors (exfoliation
protocol type, centrifugation speed, and dispersion media) and their interactions on the colloidal stability of the
exfoliated h-BN nanosheets. Table S7 provides the statistical significance results associated with the average
hydrodynamic diameter of h-BN nanosheets. Except for C3750, all other h-BN nanosheets from both
exfoliation protocols showed significantly higher average hydrodynamic diameter when dispersed in MHRW
than in DI water (p < 0.05). While C3750 showed the opposite trend in its average hydrodynamic diameter (i.e.,
higher in DI water than in MHRW), the difference in these values was not statistically significant as they were
designated in the same group ‘F’ for means comparison in table S7 (p > 0.05). This suggests that exfoliated h-BN
nanosheets exhibit significantly reduced stability when dispersed in MHRW compared to DI water, irrespective
of exfoliation protocols and centrifugation speeds. The increase in the average hydrodynamic diameter in
MHRW dispersion is attributed to nanosheet aggregation in the presence of ions. Figures 5(a) and (b) show a
decrease in surface charge in the presence of ions. These ions in the water induce a double-layer compression
effect on the h-BN nanosheets, prompting lessened electrostatic repulsion and subsequent aggregation [35, 62].

The hydrodynamic diameter was also measured for 72 h for S1880 to compare the stability of the nanosheets
as a function of time when dispersed in DI water and MHRW (figure S14). The nanosheet diameters were much
more stable in DI water over this time than in MHRW. The nanosheet diameter increased nearly six times after
72 hin the presence of the ions in MHRW. It is deduced from observing this information that exfoliated h-BN
nanosheets would aggregate to a certain degree in the presence of ions.

3.3.2. Effect of exfoliation protocol on colloidal stability

When comparing the nanosheets from two exfoliation protocols dispersed in MHRW, all the Segmented
protocol nanosheets had larger hydrodynamic diameters than the Continuous protocol ones (p < 0.05).
However, when dispersed in DI water, only S1880 and S950 had larger nanosheet hydrodynamic sizes than
C1880 and C950, respectively (table S5). For MHRW dispersion, the hydrodynamic diameters of the nanosheets
from the Segmented protocol are grouped into A and B. In contrast, those of the Continuous protocol are placed
into E and F (table S4). Furthermore, the Segmented protocol nanosheets are classified under groups C and G for
DI water dispersions. In contrast, exfoliated h-BN from Continuous protocol dispersed in DI water are placed
into groups F and H (table S4). Being categorized into different groups indicates that the effect of the exfoliation
protocol on the colloidal stability of the exfoliated h-BN nanosheets is statistically significant. According to
figures 5(c) and (d), h-BN nanosheets from the Continuous protocol had significantly smaller hydrodynamic
diameters than those from the Segmented protocol, irrespective of dispersion media. This data suggests that
h-BN nanosheets obtained from the Continuous protocol might be more resistant to aggregation and maintain a
more stable colloidal dispersion in MHRW than those obtained from the Segmented protocol.

3.3.3. Effect of centrifugation speed on colloidal stability

The hydrodynamic diameter of h-BN nanosheets generally increased with the reduction in centrifugation speed
irrespective of dispersion media and exfoliated protocols (figures 5(c) and (d)) [23, 45]. As seen in figure S3,
some nanosheets with larger lateral areas are produced with a slower centrifugation speed. Because of these
larger nanosheets, the average hydrodynamic diameter also increases with a decrease in centrifugation speed,
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irrespective of suspension media (table S5). However, the average hydrodynamic diameters of C3750 and C1880
dispersed in DI water were not significantly different (Categorized as group ‘F’ in table S6, p > 0.05). Table S6
also classifies the S1880 and S950 in group ‘C’ when dispersed in DI water and group ‘A’ in MHRW (p > 0.05).
This indicates that h-BN nanosheets obtained from Segmented protocol with centrifugation speed below 1880
rpm exhibit similar colloidal behavior, while nanosheets obtained from Continuous protocol above 1880 rpm
exhibit similar behavior.

The TRDLS measurement also recorded the hydrodynamic diameter distribution range of exfoliated h-BN
nanosheet when dispersed in DI water, providing insights into particle size distribution at various centrifugation
speeds (figure S15). Nanosheets from 950 rpm demonstrated wider particle size distribution than the other
centrifugation speeds for both exfoliation protocols. All the size distribution histograms were right-skewed,
indicating a higher prevalence of nanosheets with smaller hydrodynamic diameters. For both protocols,
nanosheets from 3750 rpm speed contained the highest nanosheet amount (C3750-20.3% and S3750-24.6%)
with a hydrodynamic diameter range of 342—-396.1 nm. This peak frequency shifted slightly to the
396.1-458.7 nm range for nanosheets collected at the lowest speed of 950 rpm (C950-16.5% and $950-18.7%).
However, the maximum relative frequency differences between the Continuous and Segmented exfoliation
protocols for the same hydrodynamic diameter were only 4.3, 5, and 2.2% for 3750, 1880, and 950 rpm
centrifugation speeds, respectively. These minimal differences indicate that particle size distributions are similar
across the exfoliation protocols regardless of the centrifugation speeds used. The area distribution histogram
analysis in figure S3 corroborates this finding. Furthermore, this evidence supports the claim that using the
Segmented protocol with a lower centrifugation speed for h-BN exfoliation is an effective strategy for achieving a
high h-BN nanosheet yield as both protocols have minimal difference in the nanosheet size.

The h-BN nanosheets obtained from the 3750 rpm centrifugation speed, C3750 and S3750, showed
negligible aggregation rates of 0.02 and 0.04 nm sec™ ', respectively, in DI water dispersion (figure 5(e)). On the
other hand, initial aggregation rates for h-BN nanosheets in MHRW ranged from 0.03 to 0.14 nm sec™ '

(figure 5(f)), indicating that ions in MHRW induce slight aggregation for h-BN nanosheets [35]. When dispersed
in MHRW, h-BN nanosheets obtained from the Segmented protocol had lower aggregation rates than those
obtained from the Continuous protocol. However, in both cases, the h-BN nanosheets obtained from lower
centrifugation speeds had significantly higher initial aggregation rates than those from higher centrifugation
speeds.

In summary, the average hydrodynamic diameter indicates that h-BN nanosheets from the Continuous
protocol are more stable than those of the Segmented Protocol in MHRW dispersion. Conversely, the
comparatively lower initial aggregation rate in figure 5(f) supports the Segmented samples to be more stable.
Thus, surface charge might play a major role in determining the colloidal stability of the h-BN nanosheets. This
is also supported by the higher hydroxylation of the h-BN nanosheets from the Segmented protocol than those
from the Continuous protocol, as observed in figures 4(c) and (d). While for the Continuous protocol, h-BN
nanosheets from high centrifugation speed show higher colloidal stability in DI water and MHRW dispersions,
for the Segmented protocol, the nanosheets from low centrifugation speed show higher overall colloidal stability
(figures 5(a) and (b)).

4. Conclusions

Two repetitive sonication centrifugation exfoliation processes using an ethanol-water solvent were developed to
increase the exfoliation yield of h-BN nanosheets. Reusing unexfoliated h-BN precipitate in the Segmented
protocol with only three cycles and 950 rpm centrifugation speed performed better with 22% nanosheet
exfoliation yield than the Continuous protocol with nine cycles. The physical morphology of the nanosheets
remained similar below 1880 rpm but showed slight aggregation at 3750 rpm. Sonication in ethanol-water
solvent induced hydroxyl functionalization in these exfoliated h-BN nanosheets, but hydroxylation decreased
with lower centrifugation speeds for both protocols. Decreasing the centrifugation speed is a tradeoff between
yield and hydroxylation. If hydroxylated h-BN nanosheets of small lateral size and layer number are preferred, it
is recommended to use centrifugation speed > 950 rpm. The colloidal stability of these exfoliated h-BN in
aqueous media was also focused on in this study. The initial aggregation rate indicated that h-BN nanosheets
from the Segmented protocol were more stable than those of the Continuous protocol in MHRW dispersion. In
both protocols, nanosheets obtained at 950 rpm exhibited a greater aggregation tendency in MHRW dispersion
compared to those produced at higher speeds of 3750 rpm.

Water chemistry parameters such as pH, ionic strength, and natural organic matter presence play an
important role in controlling the surface charge and aggregation behavior of nanomaterials. This, in turn, has
influenced their contaminant removal capacity for water treatment [64]. The varying aggregation rate, surface
charge, and hydrodynamic size of different exfoliated nanosheets might influence their performance in water
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remediation. Depending on the extent of water chemistry impact, these variations might affect their suitability
for environmental applications. The freshwater salinity, measured less than 500 ppm, closely approximates the
5.16 mM ionic strength of MHRW, indicating comparable conditions in terms of ionic strength [97]. If released
into the environment, h-BN nanosheets are likely to be transported from their source before settling
downstream, potentially leading to prolonged exposure to aquatic organisms [35]. Depending on the
surrounding water chemistry and their aggregation behavior, h-BN nanosheets can remain suspended in water
or deposited in sediment. Nanosheets accumulated in the sediment zone can encounter benthic organisms such
as nematodes, while suspended ones can interact with organisms such as photosynthetic algae [98, 99]. So, the
potential toxicity of h-BN nanosheets to these organisms might depend on their bioavailability. Exposure of
h-BN to both of these organisms for up to 72 h has been reported to inhibit growth, decrease life span, and
increase oxidative stress levels in the presence of high ionic strength of 21 mM [99, 100]. However, this elevated
ionic strength might not accurately reflect real-life scenarios. To fully understand the environmental
implications of h-BN release in natural aquatic systems, it is essential to consider the characteristics of the
nanosheets produced during their synthesis, as well as their behavior in comparable aqueous environments. This
work provides insights into the effects of the exfoliation process on the characteristics and colloidal stability of
h-BN nanosheets in environmentally relevant aqueous media. This information will further assist in
understanding the water remediation efficiency of h-BN nanosheets along with their fate, transport, and toxicity
to evaluate their suitability for environmental applications.
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