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Abstract: Two-dimensional (2D) hexagonal boron nitride nanosheets (BNNS) is an outstanding
filler and additives, since it is transparent, thermally stable, and chemically inert. However, it is
difficult to obtain few-layered BNNS with large lateral sizes in an efficient way due to the strong
inter-layer interactions in h-BN. Herein, a facile and efficient molten salt assisted synthesis has
been developed to prepare few-layered BNNS with a few microns in lateral size. Ammonia borane
was mixed with KC1 and NaCl and then heated to 1000 °C and held for two minutes, and the
resultant powders were sonicated in water to produce hydroxylated BNNS. Used as an additive
with 0.066 wt% loading, the functionalized BNNS can effectively improve the mechanical

modulus of polyurethane (PU) hydrogel from 1635 KPa to 2776 KPa and the optical property of



the hydrogel is not compromised. The BNNS reinforced PU hydrogel with significantly improved

mechanical properties can be highly useful in the application of printed electronics.
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1. INTRODUCTION

Hydrogels are crosslinked hydrophilic polymer networks with tunable physicochemical
properties which have been widely applied in wastewater treatment,' soft robotics,? pressure
devices,? etc. During the formation of the hydrogel, the permanent crosslinking formed by covalent
bonds as well as the reversible linkages by hydrogen bonds, ionic bonds, or chain entanglement
all contribute to the mechanical strength for polymer hydrogels.* Among the common polymer
resins, polyurethane (PU), consisting of both hard and soft segments, is often used as a starting
material in graphics, printing and coating industry owing to its excellent flexibility, high tensile
strength, and good adhesion.’> However, certain applications such as printed electronics require
hydrogels with higher mechanical properties which cannot be met by pristine polymer hydrogels.®’
In order to strengthen polymer hydrogels, many studies on nanocomposite hydrogels with two-
dimensional (2D) nano-fillers such as graphene and hexagonal boron nitride (h-BN) nanosheets
have been carried out.® These 2D materials have large surface areas and high mechanical strength,
which is of great importance for preparing nanocomposite hydrogels with high mechanical
strength.’ Several pioneering works have stimulated the research on BNNS/polymer composites.'*-
4 For example, Zhi et al. used different fabrication routes such as sonication, self-chemical
blowing and ball milling to prepare BNNS for mechanical reinforcement of polymers.'?14

Compared with graphite, the stronger interlayer coupling in h-BN makes it difficult to

produce few-layered BNNS using top-down approaches which are typical for graphene preparation.



To date, BNNS has been produced via methods such as sonication-assisted exfoliation,'®> ball
milling,'® controlled gas exfoliation,!” and hydrothermal exfoliation'®. Generally, these methods
suffer from low yield, long processing time, and small lateral size. Large-area mono- and few-
layered BN can be obtained by chemical vapor deposition (CVD), but its applications are
restrained by the low throughput, expensive metal catalysts, and tedious transfer processes.'®*°
Bottom-up syntheses of BNNS via liquid or solid-state reactions have also been reported.?! Liquid-
phase syntheses are facile, scalable, and the solvents provide atomic/molecular contacts and enable
uniform heat control, as compared to dynamically restricted solid-state synthesis.*

At high temperatures, molten salts can be regarded as liquid reaction media in which h-BN
formation takes place. For example, Gu et al. obtained 2D h-BN nanoplates with an average
thickness of 80 nm using sodium amide and sodium fluoroborate as the reactants at 600-700 °C
for 6-24 h in a LiBr melt.> Lei ez al. fabricated layered BNNS and BCNO nanoparticles in a melted
LiCI/KCI medium at 700 °C by using sodium borohydride and urea/guanidine as the reactants.**
Tian et al. obtained atomically thin BNNS with a lateral size smaller than 200 nm in a melted
KCI/NaCl mixture.”> Melted salt as a reaction medium allows for efficient reactant dissolution,
quick precipitation and rapid mass transfer.?® The liquid reaction environment is more favorable
for overcoming the energy barrier of crystal nucleation, leading to successful growth of BN
nanomaterials.?’ At the same time, molten salt consisting of mobile cations and anions, can
generate a strong polarizing force, which can stabilize ionic or covalent bonds through solvent

interaction.”®?° In

spite of these advantages, the syntheses of BNNS oftentimes involve toxic
reactants and/or time-consuming reactions, and generate BNNS with small lateral sizes. The

choice of precursors can have a decisive impact on the morphologies and lateral sizes of the final

products. Common precursors such as boric acid and melamine tend to introduce carbon impurities



and cause uncontrolled morphology.’*! Herein, an efficient way of synthesizing neat few-layered
BNNS with large lateral size is demonstrated to tackle the aforementioned drawbacks. Ammonia
borane (AB) consisting of only B, N and H elements was selected as the sole precursor, which
eliminates carbon-based impurities originated from starting materials. The dehydrogenation of AB
and concurrent polymerization in molten salt are believed to be beneficial for the quick formation
of BNNS."

In this work, few-layered BNNS was firstly prepared and then functionalized through
sonication in water. Used as an additive, the hydroxylated-BN nanosheet (OH-BNNS) dramatically
improved the mechanical strength of PU hydrogel. Hydrogen bonds formed between PU and OH-
BNNS provide additional crosslinking, sufficient enough to significantly enhance the Young’s

modulus of BN/PU hydrogels even at small OH-BNNS loadings.

2. EXPERIMENTAL SECTION

2.1 Synthesis of few-layered BNNS

In a typical experiment, 100 mg ammonia borane (AB: NH3BH3, 98%, United Boron) was
firstly ground with a certain amount of potassium chloride (Sigma-Aldrich) and sodium chloride
(Sigma-Aldrich) salts, with the molar ratio between KCIl and NaCl being 1:1. The mixture was
then placed in a covered alumina boat and heated to 1000 °C at 10 °C min™' and held for 2 minutes
under Ar gas flow (150 sccm) in a tube furnace. After the heat treatment, the resulting products
were washed using deionized water to remove salts. According to the weight ratio between the
salts and AB, the prepared products are denoted as BNX, i.e., BNO, BN10, BN20, BN40, and
BN80. For example, BN80 is derived from the mixture of 100 mg AB and 8000 mg salts. More

experimental details are in the supporting information.



2.2 Fabrication of BNNS/Polyurethane Hydrogels

To functionalize and disperse the as-synthesized BNNS in water, sonication treatment was
performed on a Vibra-Cell™ ultrasonic liquid processor (VCX-500). Typically, 300 mg BNNS
was sonicated in deionized water (200 mL) for 1 h with a 40% amplitude. The resulting suspension
was centrifuged at 3000 relative centrifugal force for 15 min, and the supernatant was then
collected and dried in a vacuum oven at 80 °C. The resultant hydroxylated BNNS (OH-BNNS)
was dispersed in ethanol forming a milky suspension. The concentration of saturated suspension
was measured by weighing the mass of dried flakes, confirmed as 0.175 mg/L.

To prepare OH-BNNS/polyurethane hydrogels with varied concentrations of OH-BNNS,
different volumes of the OH-BNNS suspension (i.e., 10, 15, 20, 25, 30, 35, 40 mL) were added to
a 95:5 mixture of ethanol: water, reaching total volume of 40 mL. The concentration of OH-BNNS
in the resulting suspensions was 0.044, 0.066, 0.088, 0.109, 0.131, 0.153, and 0.175 mg/L,
respectively. Next, 4 g of polyether-based polyurethane composed of ethylene glycol soft segments
and cyclohexylisocyanate hard segments (HydroMed D3, AdvanSource Biomaterials) was added
to the OH-BNNS suspensions under continuous stirring at 40 °C for 2 days. After the polymer was
fully dissolved, the samples were bath sonicated for 30 min to remove any bubbles, followed by
casting in glass petri dishes. Casted samples were kept at room temperature under lids with small
holes to allow slow evaporation of water and ethanol. The dried films were then submerged in
water and the water was exchanged every 12 h for two days. Obtained hydrogels were stored in
water at 4 °C for mechanical characterization.

2.3 Materials Characterization
X-ray diffraction (XRD) measurement was performed on a D8 Bruker Discover XRD with

high-intensity Cu Ko (L = 1.54 A) source. Scanning electron microscopy (SEM) was conducted



on a Zeiss Supra 55VP to observe the morphology of the powders. The high-resolution imaging,
electron diffraction (ED) and electron energy loss spectroscopy (EELS) analysis were carried out
on a scanning transmission electron microscope (STEM) (JEOL ARM200F, operating at 200 kV).
X-ray photoelectron spectroscopy (XPS) studies were performed on a PHOIBOS 100
hemispherical analyzer using Al Ka (1486.6 e¢V) as the X-ray source. Fourier transform infrared
(FTIR) spectroscopy (Nicolet 6700 Spectrometer) was used to investigate the chemical bonds.
Raman spectra were obtained at room temperature using Renishaw Raman Spectroscopy system
with a laser source at 633 nm. The thickness of BNNS was characterized by atomic force
microscopy (AFM, Park Systems XE7). An ultraviolet—VIS spectrophotometer (Agilent
Technologies Cary 60 UV-Vis) was used to estimate the level of OH-BNNS dispersion in water.
Mechanical testing was performed on fully submerged BNNS/polyurethane hydrogels using
Instron Bioplus mechanical tester equipped with a temperature-controlled water bath. A 1 kN load
cell was used to perform tensile mechanical testing on hydrogel films cut into 5 mm X 40 mm.
Hydrogel strips were secured on wooden rods and remained fully submerged in water bath for the
whole course of experiment. Tests were performed at the speed of 10 mm min™' and were repeated
at least five times. Swelling ratio of hydrogels was calculated by recording the mass of fully
swollen hydrogels (W) followed by fully drying the hydrogels at 60 °C for one week and
measuring the dry mass (Wy). The average swelling ratio is reported as Ws/W; for at least five

separate measurements.

RESULTS and DISCUSSION

In our method, a mixture of KCI/NaCl was used as the molten salt system to synthesize few-

layered BNNS from solid ammonia borane (AB). BNNS with large lateral sizes up to 4 microns



was obtained at 1000 °C with only 2-minute dwell. AB is known to have step-wise
dehydrogenation and form BNHx polymers with the value of x decreasing as the temperature
increases.!>*? As the temperature increases to 1000 °C, hydrogen is nearly completely released
along with the formation of boron nitride framework.”® As described in Figure la, BNHx
polymeric fragments formed during dehydrogenation are well dispersed in the melted salt solvent
at the elevated temperatures. The fast solvation of BNHx fragments by the ionic liquid prevents
the coalesce of BN atomic layers and therefore the formation of thick BNNS. In addition, the fast
mass transport in the liquid at elevated temperatures benefits the growth of the BNNS along lateral
directions. Figure 1b-d and Figure S1 display the sheet-like morphology of the resulting products.
With the increased weight ratio of eutectic salt to AB, the thickness of BN8O (Figure 1d, e and
Figure Sle) was significantly reduced compared with other BN samples (Figure 1c and Figure
S1b-d), especially with the bulk sheets of BNO (Figure 1b and Figure S1a). This is due to the strong
solvation effect of liquid salt preventing agglomeration of the BN layers. Additionally, molten
salts are also beneficial for the growth of BNNS. The lateral size increases from 500 nm in BNO
to a few microns in BN80. AFM (Figure 1f) reveals that the as-prepared BN8O0 is of a few atomic
layers thick, as shown in the line-scan profiles (Figure 1g). The BN nanosheets highlighted by the

red and black lines are around 0.5 to 4 nm thick, indicating two to twelve atomic layers.
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Figure 1. a) Schematic illustration of BNNS preparation; SEM images of b) BNO, ¢) BN40, d)

and e) BN80; f) AFM image and g) corresponding line-scan profiles of BN§O.

TEM image (Figure 2a) also reveals the nanosheet morphology of BN80. The electron
diffraction (ED) rings (inset in Figure 2a) indicate turbostratic nature of the material.>** HRTEM
image (Figure 2b) reveals that the interlayer lattice spacing is 0.34 nm, corresponding to the 25.7-
degree peak in the XRD pattern. This spacing is slightly larger than the 0.33 nm for the (002) plane
of crystalline h-BN, which is due to relatively poor crystallization caused by the short dwelling
time.> The electron diffraction pattern is in agreement with the XRD patterns (Figure 2¢). There
are two broad peaks located at 25.7° and 42.6°, which can be indexed to XRD pattern of h-BN.3°
The impact of temperatures (800, 900, 1000, 1100 °C) and dwell times (2 min, 1 h, 2 h and 3 h)
on the BNNS morphology have been investigated. It was found that in general longer dwell and

higher temperature lead to thicker sheets with slightly large later sizes. We choose 1000 °C and 2



min dwell because it is energy-efficient, and it also led to the formation of thinner nanosheets

which can be effectively functionalized.
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Figure 2. a) TEM image and electron diffraction pattern (inset) of BN8O0; b) high-resolution

TEM image of BN80; ¢) XRD patterns of BN samples.

XPS, EELS, Raman and IR were employed to investigate the chemical structure of the as-
synthesized samples. The EELS (Figure 3a) spectrum and XPS survey scan (Figure 3b) results
indicate that BNNS is mainly composed of boron and nitrogen. EELS spectrum reveals the K-edge
absorptions of B and N, and the core edges exhibit n* and 6* peaks, characteristic of sp>-hybridized
h-BN.3” The XPS peaks of B 1s and N 1s (Figure 3b-d) are situated at around 188.6 and 394.6 eV,
respectively. The main B 1s peak at 190.9 eV is attributed to B-N bonding, with a small shoulder
at 193 eV due to B-O bond.*® The N 1s at 398.2 eV is associated with N-B bond while the shoulder
at 400.2 eV reflects the presence of N-H bonds.*® FTIR spectra indicate that all BNNS samples
have typical B-N-B bending and B-N stretching vibrations located at 798 cm™ and 1371 cm,
respectively (Figure 3e).** For BNO, there are IR bands around 3246 cm™ associated with N-H

stretching, which indicates incomplete dehydrogenation within the two-minute dwell. For BNNS



obtained in molten salt, hydroxyl (-OH) groups have been introduced during the process of
washing, as evidenced by the IR band at around 3422 ¢cm™.*!*? In the Raman spectra (Figure 3f),
BN10, BN20, BN40 and BN80 all display Ez¢ peaks with FWHM values smaller than that of BNO
bulk sample, reflecting a better crystallinity of BNNS synthesized in molten salts.’” This proves

that the high temperature ionic liquid facilitates the growth and crystallization of BN nanosheets.
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Figure 3. a) EELS spectrum, b) XPS survey scan, XPS c¢) Bls and d) N1s of BN8O, ¢) FTIR and

f) Raman spectra of BN samples.

The formation of sufficient hydrogen bonds between different functional groups such as -OH,
C=0 and N-H is crucial for unique functions of polymer hydrogels.*’ Hydrogen bonds also play
an important role in improving mechanical strength of hydrogels.** Due to the hydrophobic nature
of pristine h-BN, functionalization is critical for the formation of hydrogen bonds between BNNS

and PU polymer. A small number of hydroxyl (-OH) groups have been introduced during the

10



process of washing (Figure 3 (e)), which is related to the high reactivity of sites along BNNS. To
graft more OH groups on boron and make BNNS more hydrophilic,** sonication in water was
carried out. Figure 4a reveals the change in dispersibility of the BNNS (BN80) before and after
the sonication, determined by UV-vis spectroscopy. Dispersed in water, both the OH-BNNS and
pristine BNNS exhibit an absorption peak at around 205 nm. But the peak intensity of OH-BNNS
is much higher than that of the pristine BNNS, indicating better dispersibility enabled by the
successful functionalization of the BNNS with -OH groups.*> This good dispersibility is also
evidenced by Tyndall effect (Inset in Figure 4a). A more visible FTIR band at 919 cm™! associated
with B-O bond (Figure 4b) confirms the functionalization of BNNS after sonication.*> The
intensity of -OH band of OH-BNNS also becomes stronger, implying a higher degree of
functionalization. Figure 4c shows a 2 cm™ shift of Ez, peak in the Raman spectrum, which is

caused by reduced interlayer interactions in OH-BNNS as the result of functionalization.*®
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Figure 4. a) UV-vis spectra of pristine BNNS and OH-BNNS aqueous solution. Inset shows the
Tyndall effect of OH-BNNS dispersion; b) FTIR and c) Raman spectra of the samples before

and after sonication.

Hydroxylation allows for extensive hydrogen bonding in OH-BNNS/PU binary networks
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(PUBN) hydrogel (Figure 5a). The hydrogen bonding interactions are probed by FTIR (Figure 5b).
The C=O IR band of PU experienced a 15 cm™ red shift after PU was mixed with OH-BNNS,
which indicates the formation of hydrogen bond between C=O (proton acceptors) and -OH.*’ Due
to the low loading, the vibrations of B-N itself is overwhelmed by the vibrations of functional
groups in PU, such as N-H bands at 1526 cm™ and C-N bands at 1241 cm™.*® As BNNS loading
increases to 10 wt% (Figure S4), B-N-B and B-N bands are detectable in the PUBN hydrogel.
SEM images (Figure S5) reveal that the pristine PU hydrogels (dried at 80 °C for 24h) possess a
smooth surface while the OH-BNNS/PU hydrogel shows a much rougher surface but with
homogeneous features. The roughness and homogeneity indicate a uniform distribution of OH-
BNNS in the PU hydrogels, likely due to the extensive hydrogen bonding interactions. Figure 5¢
shows that with the increase in OH-BNNS loading the modulus initially increases then decreases
marginally. With 0.066 wt% OH-BNNS loading, the corresponding Young’s modulus of OH-
BNNS/PU hydrogel increases to its maximum value of 2776 KPa, 1.7 times higher than that of
pristine PU hydrogel. OH-BNNS concentration was found to be a key factor influencing the
mechanical property of PU polymer. Extensive hydrogen bonding interactions facilitate
crosslinking between molecules, which allows PU hydrogels to withstand greater tensile forces.
However, as the content of OH-BNNS increases, the mechanical strength of the hydrogel begins
to decrease and remains at around 2200 KPa, still higher than the value of bare PU. This is probably
because OH-BNNS filler interrupts the polymeric networks in the hydrogel matrix.*” Higher OH-
BNNS loading introduces more defects as can be seen from the significant agglomeration in the
SEM image of dried OH-BNNS/PU hydrogel (Figure S6).° It should be noted that within the range
of concentrations studied here the modulus of OH-BNNS/PU remains always higher than that of

pristine PU while the swelling ratio (Figure 5d) remains always lower than that of pristine PU,

12



indicating the addition of hydrogen bonding in all formulations. For tensile tests (Figure 5¢), OH-

BNNS/PU hydrogel behaves better than pristine PU hydrogel even with very small amount of

BNNS, indicating that the OH-BNNS acts as crosslinking components as well as reinforcing fillers

in the hydrogel network. Adding such small amounts of OH-BNNS does not alter the optical

appearance of the hydrogel (See Figure S7). The transmittance measurement using UV-vis

spectroscopy on the OH-BNNS/PU hydrogel is shown in Figure S8. With increased OH-BNNS

loading, the transmittance of OH-BNNS/PU hydrogel dropped slightly, from 90.9% transmittance

of pure PU to 84.4 % 0f 0.066 wt% OH-BNNS/PU and 80.8% 0f0.175 wt% OH-BNNS/PU at 550

nm. Compared with the opaque composite hydrogels with high loadings of OH-BNNS, the change

in optical properties of samples with low loadings OH-BNNS is insignificant.
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Figure 5. a) Illustration of OH-BNNS/PU hydrogel preparation; b) FTIR spectra, ¢) modulus
curves, and d) swelling ratios of OH-BNNS/PU hydrogels; ) Mechanical stress curves of

hydrogels with/without OH-BNNS.

3. CONCLUSION

Thermal decomposition of ammonia borane in molten salts at 1000 °C with two-minute dwell leads
to the formation of few-layered BNNS. The dynamic ionic liquid i.e., molten salts, effectively
prevents coalescence of BN atomic layers and helps to produce thin nanosheets. Rapid mass
transport enabled by the liquid medium helps with the lateral growth and leads to BNNS with large
lateral size. Polyurethane hydrogels mixed with hydroxylated BNNS as a reinforcing mechanical
filler were successfully fabricated by a solution casting method. OH-BNNS was found to enhance
the mechanic properties of PU based hydrogel via extensive hydrogen bonding interactions. The
mechanical modulus of PU hydrogel increased significantly from 1635 KPa to 2776 KPa with only
0.066wt% BNNS loading, a 1.7-fold higher value than that of pristine PU hydrogel. The loading
of OH-BNNS needs to be optimal since higher amounts cause agglomeration and induce more
defects for stress propagation. Furthermore, there is no visible change in transparency with such
low loadings. The OH-BNNS reinforced PU hydrogel with significantly enhanced mechanical

property can find applications in printed electronics.
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