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A simple method is presented for exfoliating and suspending 
hexagonal boron nitride using a co-solvent approach. A 60 
w/w% concentration of tert-butanol in water is very effective 
at exfoliating boron nitride especially when compared to the 
individual components alone as indicated by UV-vis and 
transmission electron microscopy. Molecular weight and 
surface tension are found to play inverse roles in the 
exfoliation. 
 
Two-dimensional materials have exploded in popularity following 
the advent of graphene. These materials include hexagonal boron 
nitride (h-BN), transition metal chalcogenides, and metal halides, 
among many others1. Particular interest has been focused toward the 
exfoliation of these materials into single- or few-layered (<10) 
atomic sheets. The nanosheet form of these materials allows access 
to exaggerated versions of their characteristics, such as high surface 
area and structural, electronic, and thermal properties1–3. 

Often referred to as “white graphite,” h-BN is isoelectronic with 
its carbon counterpart, with covalently bound interplanar B and N 
atoms replacing C atoms to form the sp2 “honeycomb” network. 
Hexagonal boron nitride is known for its lack of electrical 
conductivity, high thermal conductivity, excellent mechanical 
strength, and chemical stability3,4. Boron nitride nanosheets (BNNS) 
have also been confirmed to outperform their bulk counterpart in the 
areas of composite fillers, solid lubrication, and transistors. 
Traditional methods used for graphite exfoliation, such as ion 
intercalation, mechanical delamination, or chemical reduction (e.g. 
reduction of graphite oxide to form graphene), do not transfer to h-
BN, despite the two having almost identical interlayer spacing (3.33-
3.35 Å for graphite, vs. 3.30-3.33 Å for h-BN). The electronegativity 
differences between B and N atoms cause π electrons to localize 
around N atomic centers, and it is this polarity that causes interlayer 
electrostatic interactions between the partially positive B and 
partially negative N atoms5. This results in a complex mix of 
multipole and dispersion interactions as well as Pauli repulsions that 
result in a similar interlayer distance to graphite, despite having 
radically different electronic properties. 

Currently, the most popular routes for producing BNNS are 
through chemical vapor deposition (CVD) and liquid exfoliation1,6–

10. CVD allows for control of the growth process, and almost 
guarantees a low-defect, single atomic sheet of h-BN. However, 
CVD is a high-temperature process that is difficult to scale up. 
Sinitskii et al. recently showed that BN nanoribbons can be obtained 
by the splitting of BN nanotubes in the presence of potassium 
vapor11; however, this process deals with the handling of highly 

reactive potassium metal, which makes it unattractive for high 
throughput synthesis.  

Liquid exfoliation is a simple method to produce BNNS from bulk 
h-BN powder. Generally, h-BN powder is mixed with a solvent, and 
energy, usually ultrasonic energy, is introduced into the system. 
Studies have shown that h-BN disperses reasonably well in isopropyl 
alcohol (IPA)12, N,N-dimethylformamide (DMF)3,4, dimethyl 
sulfoxide (DMSO)4,9, and N-methylpyrrolidone (NMP)1,13–15. 
However, many of these solvents are harmful and/or dangerous to 
work with. There have also been a few studies describing the 
exfoliation of h-BN using water as a solvent. Connell et al. recently 
showed that water serves a critical role in h-BN exfoliation, 
hydrolyzing planar defects to introduce hydroxyl groups that help to 
stabilize the suspended BNNS16.  

Here we describe a refined method of producing BNNS from bulk 
h-BN powders using a simple co-solvent approach. This system 
combines common organic solvents with water to create a mixture 
that exfoliates and suspends h-BN much more efficiently than the 
individual components. In this way, we reap the benefits of two 
solvent types that have each been shown to successfully exfoliate h-
BN on their own. This co-solvent system is inexpensive, safe to 
work with, and completely scalable. Although a single co-solvent 
system (IPA in water) has been reported12, by studying the trends 
associated with different co-solvent combinations we have 
developed a much more comprehensive understanding of their 
effects on h-BN suspension and exfoliation. This understanding has 
led us to discover an optimized co-solvent system for producing and 
suspending BNNS. Recent literature reports have suggested that 
there exists a small window of surface tension values for which co-
solvent exfoliation is optimal2,9,17,18. Here we discuss the roles of 
solvent surface tension and molecular weight (M.W.) in the 
exfoliation of h-BN, and propose a mechanism for co-solvent 
exfoliation.  

Solvents were chosen based on size (M.W.), boiling point, 
conformation, and safety considerations. Methanol (MeOH), ethanol 
(EtOH), 1-propanol (1-prop), 2-propanol (IPA), acetone, and tert-
butanol (tBA) were chosen under these criteria. BNNS were 
prepared by way of ultrasonication. Briefly, bulk h-BN powder 
(average particle size of 1-13 µm, Momentive Performance 
Materials) was added to a co-solvent mixture at a loading of 2 
mg/mL The suspension was then sonicated for 3 hr in a bath 
sonicator, rotating the sample vials every 30 minutes to ensure the 
most homogeneous mixing possible. Samples were then centrifuged 
at 3200 rpm for 20 minutes, and the supernatant was collected for 
analysis. Great care was taken throughout all steps to ensure minimal 
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evaporation of the solvent mixture2 (see ESI for additional 
experimental details).  

Fig. 1 shows the UV-vis data collected for the different co-solvent 
mixtures. Because h-BN does not exhibit any prominent absorption 
peaks, a wavelength of 400 nm was used to compare the 

 

 
Fig. 1 UV-vis data for BNNS in different co-solvent systems. Absorbance values were recorded at 400 nm; all data were averaged over five 
trials. From left to right, both the vials and the data points represent 100, 90, 80, 70, 60, 50, 40, 30, 20, 10, and 0 w/w% solvent in water. 
There are 11 vials present for both 1-prop (d) and IPA (e) to include 0 w/w% solvent (pure water), which can be seen as the rightmost vial in 
each photo. 
 
relative absorbances between samples12. All data are the averaged 
results of five trials for each co-solvent system. The surface tension 
of pure water (0 w/w% solvent) at standard conditions is 72.0 
mJ/m2; this value decreases relative to which solvent is mixed in and 
at what concentration19,20. This is represented on the X-axis in Fig. 1 
a-f: the surface tension decreases from right to left corresponding to 
an increase in solvent w/w%. While other studies have shown 
evidence for both pure water16 and pure solvent9 successfully 
exfoliating h-BN, it is clear that a mixture of solvent and water 
trumps the results of the two liquids by themselves. The UV-vis data 
indicate that 60 w/w% tBA is superior at dispersing and retaining h-
BN, with IPA and 1-prop being second best (Fig. 3f, e, and d, 
respectively). Co-solvent mixtures were stable after 1.5 months of 
sitting on the lab bench. Maximum absorbance (Amax) values for 
each solvent occur around 40 – 60 w/w% and increase in the 
following order: acetone < MeOH < EtOH < 1-prop < IPA < tBA. 
These data parallel results from other studies involving other 
inorganic graphene analogues2,12.  

It is interesting to note that the increase in absorbance is directly 
proportional to increasing M.W. Fig. 2 illustrates this relationship 
for the solvents with similar chemical structure, tBA having the 
highest M.W. (74.12 g/mol) and MeOH having the lowest (32.04 
g/mol). These data also agree with previous studies involving other 
inorganic layered materials2,12. Perhaps more revealing is the 
relationship between M.W. and surface tension at the Amax for each 
solvent. As M.W. increases linearly with absorbance, the matching 
surface tension decreases. Thus, the relationship of surface tension is 
inversely proportional to both increasing M.W. and increasing Amax. 
Moreover, the range of surface tensions involved in Amax for each 
solvent is much wider than what the literature values suggest2,9,17,18, 
with the maximums for tBA, IPA, 1-prop, EtOH, and MeOH 
corresponding to 21.3, 24.5, 25.3, 28, and 32.9 mJ/m2, respectively 

(Fig. S3). These values represent a difference of approximately 11.5 
mJ/m2.  

Obviously surface tension is not the only factor at play in the 
exfoliation of h-BN, as M.W. appears to have a great impact, even if 
the surface tension changes drastically. This may support the 
importance of considering the Lennard-Jones potential between the 
surface of h-BN and the co-solvent system, suggesting that larger 
solvent molecules serve to stabilize the individually dispersed sheets 
more effectively than smaller solvent molecules2. This is likely due 
to the larger molecules’ ability to sterically separate the nanosheets, 
preventing their recombination in suspension.  

 

 
Fig. 2 Comparison of the maximum absorbance (Amax) and 
molecular weight (M.W.) with respect to surface tension for solvents 
with like chemistries. Each vertically aligned pair of data points 
represent: a) tBA, b) IPA, c) 1-prop, d) EtOH, and e) MeOH.  

Also notable is the effect chemical structure plays on liquid 
exfoliation. 1-prop and IPA result in essentially identical BNNS 
dispersions, despite being isomers of each other. This raises 
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questions on the potential effect other less common solvents could 
have on h-BN exfoliation, specifically isomers.  

Furthermore, acetone performed the worst of all the solvents, 
despite having a higher M.W. (58.08 g/mol) than both MeOH and 
EtOH, likely due to the absence of a hydroxyl group to stabilize the 
BNNS in the presence of water. Future studies will further probe the 
relationship between surface tension, M.W., and structural 
dependencies in the exfoliation of h-BN.  

Fig. 3 shows transmission electron microscope (TEM) images of 
BNNS after sonication. TEM is ideal for successful analysis of 
BNNS, as the nature of sample preparation allows for the resolution 
of atomically thin layers of material while avoiding restacking of the 
sheets (Fig. S1). Fig. 3b (inset of Fig. 3a) reveals the thickness of a 
few-layered BNNS to be approximately 7-9 nm, which corresponds 
to roughly 14-19 atomic layers. This agrees with a semi-quantitative 
assessment of BNNS thickness through TEM analyses, which 
suggests an average thickness range of 6-10 nm for exfoliated 
BNNS. Fig. 3c illustrates the scrolling effect seen in BNNS, a result 
of sonication and the presence of extremely thin sheets15. The 
authors have experienced this same phenomenon before with few-
layer graphene21. Fig. 3c also shows the plethora of single-and few-
layered sheets present on the TEM sample. Fig. 3d shows a 
diffraction pattern for a few-layered BNNS10,14,22,23. Fig. S2 also 
shows partial exfoliation of h-BN, an intermediate step to successful 
exfoliation.  

 

 
 
Fig. 3 TEM micrographs of BNNS after sonication for 3 hr in 60% 
tBA. a) A few-layered BNNS sample. A carbon support can be seen 
through the exfoliated sheet. b) The magnified image of the square 
outline from Fig. 3a. c) Evidence for scrolling of the BNNS. The 
bright white “lines” are where the sheets have scrolled. d) 
Diffraction pattern of a few-layered BNNS. Scale bars represent a) 
100 nm, b) 10 nm, and c) 0.5 µm.   

In conclusion, we have implemented a co-solvent approach to 
exfoliate and suspend h-BN into BNNS. This method is completely 
scalable, inexpensive, and extremely safe to handle. We have found 
that a 60 w/w% mixture of tBA in water is most effective at creating 
a stable suspension of BNNS, with TEM confirming exfoliation into 

few-layered sheets. This is in contrast to studies that suggest pure 
water or pure solvent is effective at exfoliating h-BN. We have 
shown that Amax and M.W. are inversely proportional to co-solvent 
surface tension, and that the range of surface tension values 
corresponding to Amax is approximately 11.5 mJ/m2, a much broader 
spread than what is suggested in the literature. The critical factor for 
choosing a solvent system to exfoliate h-BN is not solely surface 
tension; rather, it should be a combinatory consideration of surface 
tension, M.W., and chemical structure. This lends itself to the 
importance of phenomena such as the Lennard-Jones potential in the 
exfoliation of layered materials. The authors are currently pursuing 
the use of more exotic solvents in the exfoliation and suspension of 
h-BN in order to further clarify the roles of M.W. and chemical 
structure.  
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