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Wetting properties of thin films of exfoliated
hexagonal boron nitride in different solvents
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Hexagonal boron nitride is a 2D material with excellent properties, such as large band gap, high thermal and chemical stability, transparency,
and high oxidation and corrosion resistance. These properties make h-BN a suitable candidate to be used in the development of advanced
coatings. However, as for other nanomaterials, tailoring and controlling the properties of h-BN is a fundamental key to its application into
several fields. Here, the wetting properties of h-BN were investigated when it is exfoliated by ultrasonic cavitation in different solvents
such as isopropyl alcohol (IPA), dioxane (Dx), N-methyl pyrrolidone (NMP) and dimethyl formamide (DMF). The wetting properties of the
different h-BN materials were determined by measuring the water contact angle (WCA) of h-BN thin films deposited on silicon dioxide.
Different contact angles were observed for each sample, the different WCA values are explained by the differences in the structure and
roughness of the thin film surfaces obtained just by changing the solvent during exfoliation. These surface properties were characterized by
optic and transmission electronic microscopy (TEM) as well as atomic force microscopy (AFM).
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1. Introduction

2D materials are important objects of study due to their re-
markable and exceptional properties, compared with their
bulk counterparts. Most of these 2D materials are obtained
from highly ordered crystalline solids and can be classi-
fied by their chemical nature and structure as: hexagonal
nanosheets, like graphene and boron nitride, transition metal
oxides (TMOs) such as MnO2, transition metal carbides or
MXenes like Ti3C2Tx, and transition metal dichalcogenides
(TMDs) such as MoS2 [1–3]. Among these materials, hexag-
onal boron nitride (h-BN) is a 2D layered material, each layer
conformed of boron (B) and nitrogen (N) atoms in equal
atomic concentration, which are covalently bonded trough
a sp2-hybridized configuration with a bond length of 1.44
Å [4], a structure similar to graphene. The layers interact
among each other by van der Waals forces and, due to the po-
larity of the B-N bond, the stacking of the layers occurs with
a B atom located just above or below a N atom in the neigh-
boring sheet with an interlayer spacing of 0.33 nm [5,6].

h-BN has a direct band gap of 6 eV whereby is an in-
sulator and transparent material [7]. It also has an efficient
light emission in the deep ultraviolet and ultraviolet regions
which makes it a suitable material to be used in deep UV
optoelectronic devices [8–11]. Moreover, h-BN has a high
thermal stability, a monolayer of h-BN is stable up to 800◦C

in air compared to graphene that oxidizes at 300◦C [12, 13].
Besides, this material shows a thermal conductivity of 100-
270 W m−1K−1 h-BN [14,15], chemical inertness and a high
oxidation and corrosion resistance. These make h-BN an im-
portant prospect material for developing protection coatings
of metals and air-sensitive materials with applications involv-
ing high temperatures processes [16–18]. Furthermore, the
insulating character of h-BN may allow the development of
coatings that inhibit galvanic corrosion preventing the degra-
dation and deterioration of the active materials in electrical
and optical devices [5, 17]. Due to these remarkable proper-
ties, h-BN has also potential to be used as dielectric substrate
for other materials, such as graphene and MoS2 [19,20].

Regarding to the mechanical properties, h-BN has a
Young’s modulus of 0.85 TPa and a fracture strength of 70
GPa which does not depend of the number of layers, re-
maining constant up to 9 layers, as observed by Aleksey
and collaborators [21], contrary to graphene, whose strength
decreases considerably with the number of layers. These
properties make h-BN the strongest insulator material with
promising applications on mechanical reinforcement [21].

The wettability is a surface property related to the inter-
action of liquid molecules with the atoms at the surface of a
material [22,23]. Therefore, this property depends on the or-
dered structure of the surface, the surface roughness [24], the
surface chemistry, and the surface energy [25, 26]. The wet-
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tability is determined by measuring the contact angle (CA)
of the surface material, in the case of water, it is commonly
called water contact angle (WCA). Tailoring and controling
this property in nanomaterials, especially for 2D materials, is
an important key to its their application in many fields, such
as the development of coatings for anti-corrosion and anti-
biofouling, self-healing, energy generation and medical ap-
plications [25, 27–29]. For the case of h-BN, the theory pre-
dicts values for WCA of 86◦, as reported by Li Hui and Xiao
Zeng [30]. However, when the WCA was experimentally
measured by Lee and collaborators, the measured WCA was
50◦ [31]. This difference was explained by the defects cre-
ated in h-BN during the synthesis method, which proves that
the synthesis and processing methods of nanomaterials have
a great influence in their final structure and properties. 2D
h-BN, like other 2D materials, has been produced mainly by
mechanical exfoliation, liquid-phase exfoliation, and chemi-
cal vapor deposition (CVD) [5, 32, 33]. Performing mechan-
ical exfoliation allows the production of high-quality h-BN,
but at low yield and with randomly distributed layers [34].
CVD methods allow to control the number of layers and, in
a limited way, the size of the sheets. Nevertheless, a high
reaction temperature is required and often the transfer of the
synthetized material onto different substrates is complicated
and induce defects in the layered material which can lead to
a non-controlled variation on the properties of h-BN [35,36].
Although liquid-phase exfoliation has the drawbacks of small
sheets sizes production and surface contamination from the
solvents used, it is still considered an efficient method to pro-
duce good quality h-BN in a low-cost manner and high yield
concentration [37]. Liquid-phase exfoliation of h-BN was
first reported by Han and collaborators in 2008 [38]. The sol-
vent used during exfoliation plays a fundamental role in the
production of 2D materials. To accomplishes the exfoliation
of the layers, the surface tension of the solvent must match
the energy of the 2D material so it can overcome the van der
Waals forces among the layers and minimize the energy of
exfoliation leading to a good dispersion of the exfoliated lay-
ers. As it has been exhaustively demonstrated, the synthesis
method has an important effect in the properties of the ob-
tained material [39,40]. This aspect can be used as an advan-
tage for tailoring and controlling certain properties of the ma-
terials by changing the synthesis method and its parameters.
Here, the wetting properties of h-BN were evaluated when
this material was obtained by liquid-phase exfoliation us-
ing different solvents (isopropyl alcohol (IPA), dioxane (Dx),
N-methyl pyrrolidone (NMP) and N,N-dimethylformamide
(DMF)) and deposited as a thin film in silicon dioxide (SiO2),
demonstrating that the solvent used during exfoliation has a
direct effect in the wetting properties of the film, and that in
this way, films with specific wetting properties for different
applications can be obtained.

2. Methods

2.1. Materials and reagents

Boron nitride powder (∼ 1µm, 98%) was purchased from
Sigma-Aldrich, chemicals, and solvents, isopropyl alco-
hol (IPA), dioxane (Dx), N-methyl pyrrolidone (NMP) and
dimethyl formamide (DMF) were used without further pu-
rification.

2.2. Methodology

2.2.1. Liquid-phase exfoliation of boron nitride

Hexagonal boron nitride (h-BN) was produced by sonication,
using a sonic bath Branson 2510. Samples were prepared by
the exfoliation of h-BN in different solvents: a. Isopropyl al-
cohol (IPA), b. p-Dioxane (Dx), c. N,N-Dimethylformamide
(DMF) and d. N-Methyl-2-pyrrolidone (NMP). All samples
were sonicated for 3 h. After sonication, the samples were
centrifuged at 2000 rpm for one hour and the precipitated
was removed. Finally, the resulting materials were washed
and dispersed in their corresponding fresh solvent.

2.3. Characterization techniques

Absorption measurements were carried out by UV-Vis spec-
troscopy with an Agilent Cary 60. The concentration of h-BN
in IPA, Dx, NMP and DMF was determined by absorption
spectroscopy. Initial concentration for all the samples was 3
mg/mL. The absorbance of the filtered samples was measured
every three days for a 30-day period, not significant change
was observed.

Static water contact angles (WCAs) were measured using
a Raḿe-Hart NRL C.A. goniometer, model 295-U1. Sam-
ples were prepared by drop casting the h-BN dispersions (at a
3 mg/mL concentration) onto a silicon dioxide surface which
was cleaned and dried prior to the deposition. The produced
films were dried under vacuum for 24 hr. The WCAs were
measured on 5µL water droplets at four different locations on
each sample. All measurements were done at room tempera-
ture and the WCA was measured four times for each sample,
the reported WCA is the mean of these values.

Roughness measurements were carried out by using an
Atomic Force Microscopy (AFM) Dimension Edge Bruker
Instrument. AFM images were obtained using tapping mode
at RT, with a silicon tip (Model: OTESPA-R3), scanning rate
of 40µm/s (0.2 Hz), image resolution of512× 512 and scan
X-Y range of 50µm and 100µm. Image analysis was per-
formed using NanoScope Analysis 1.4.

Transmission electron microscopy (TEM) images were
acquired using a TEM JEOL JEM-2100, and an accelerating
voltage of 200 kV. Samples were prepared by drop casting of
stable dispersions onto a TEM grid (200 mesh, Lacey carbon
films). Optical images of the h-BN films were obtained with
an Olympus BX41 optical microscope.
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FIGURE 1. Average water contact angle values (WCAs) for ex-
foliated h-BN in different solvents and deposited on silicon oxide
surface.

TABLE I. Parameters obtained from the UV-vis absorption charac-
terization of all h-BN exfoliated samples.

Final

Solvent λ A α concentration

(nm) (Arb. units) (L/mon cm) (mol/L)

Dx 228 1.27 466 0.11

IPA 274 0.27 586 0.12

DMF 322 0.30 240 0.10

NMP 276 0.33 306 0.10

3. Results and discussion

First, h-BN was obtained by liquid-phase exfoliation in dif-
ferent solvents: a) p-Dioxane (Dx), b) Isopropyl alcohol
(IPA), c) N,N-Dimethylformamide (DMF) and d) N-Methyl-
2-pyrrolidone (NMP). It is important to note that all the used
solvents own a polar character except for p-Dioxane. The fi-
nal concentration after the sonication process was determined
by UV-vis absorption spectroscopy. Absorbance versus con-
centration was plotted for h-BN in Dx, IPA, DMF and NMP
to obtain the values for the absorption coefficient (α) for each
sample. All measurements showed Lambert-Beer behavior,
allowing the calculation ofα values:〈α228〉 = 466 L/mol cm
(Dx-hBN), 〈α228〉 = 586 L/mol cm (IPA-hBN), 〈α228〉 =
240 L/mol cm (DMF-hBN) and〈α228〉 = 306 L/mol cm
(NMP-hBN) (Table I). The highest concentration yield was
observed for isopropanol (IPA-hBN) (Table I), as reported by
Coleman and collaborators who observed that exfoliation of
h-BN using IPA as solvent leads to an almost 50% of disper-
sions yield [41].

The WCAs measurements of the produced thin films of
h-BN are shown in Fig. 1, the h-BN thin films yield differ-

ent values depending on the solvent used during the exfo-
liation of the sample. NMP-hBN film yields a contact an-
gle of 89.9◦, DMF-hBN film 85.7◦ in good agreement with
the theoretical WCAs value [31], while the WCA of Dx-hBN
and IPA-hBN films were not measurable because of their low
value. From these values it is clear to observe that effectively
the selection of the solvent during the exfoliation has an effect
in the wetting properties of the obtained h-BN film. To elu-
cidate this effect, the samples were analyzed by optical and
transmission electronic microscopy (TEM) as well as atomic
force microscopy (AFM) to determine the surface structure
and surface roughness of the samples.

Figure 2 shows the TEM microscopy of the h-BN sam-
ples. In all the samples is observed the obtention of small

FIGURE 2. TEM images of h-BN exfoliated in: a)-b) p-Dioxane,
c)-d) Isopropyl Alcohol, e)-f) DMF, g)-h) NMP.
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FIGURE 3. Optical images on large-scale views of the h-BN sam-
ples.

lateral sized h-BN sheets, this is attributed to the long pe-
riod of time of sonication and the cavitation phenomenon
that contributes to cutting of the lateral dimensions of the
h-BN sheets. All samples showed similar lateral size, the
materials are observed as few layer crystals mixed with ex-
foliated nanosheets. For the case of h-BN exfoliated in DMF
(Figs. 2e)-f)) and NMP (Figs. 2g)-h)) smoothest surfaces are
observed, while in NMP exfoliated nanosheets were more
frequently observed. NMP is the solvent with the highest
surface tension compared with the other solvents. The sur-
face tension of isopropyl alcohol is 23.0 mN/m2, for dioxane
is 33.0 mN/m2, for DMF is 37.1 mN/m2 and for NMP is
40.79 mN/m2.

Optical photographs of the h-BN films produced were
taken for a large-scale view of the samples and are shown
in Fig. 3. The films prepared from dispersion of h-BN in IPA
and NMP are more homogeneous than films prepared by the
deposition of h-BN dispersed in Dx and DMF which are ob-
served as a heterogeneous distribution of h-BN clusters. This
better homogeneity could be related to the creation of more

stable dispersion and a lower agglomeration of h-BN layer
crystals in the solvents IPA and NMP.

The surface roughness of the h-BN thin films was mea-
sured using tapping mode AFM. Topological and three-
dimensional AFM images of the samples are shown in Fig. 4,
the height histograms for each sample are shown graphically
in Fig. 5 and the root-mean-square (rms) roughness values
are shown in Table II. In the topology and 3D AFM images
of the Dx-hBN sample (Fig. 4a)-b)) the presence of peaks of
different sizes is observed, with heights that vary from 2 to
3 µm (Fig. 5). This heterogeneity of the surface was also
observed in the large-scale view image and explains the pres-
ence of the largest rms roughness of 0.32µm compared with
the other samples (Table II). On the other hand, the IPA-hBN
film has a homogeneous surface with well distributed small
clusters of h-BN particles (Fig. 4c)) which could be responsi-
ble for its low rms roughness of 0.09µm, being the film with
the lowest value of all the samples.

In addition, the IPA-hBN film has the lowest and most
uniform height distribution [Figs. 5 and Fig. 4d)]. Large clus-
ters are also observed in this film (Fig. 3 IPA), which were not
scanned by AFM due to their size. These large clusters

TABLE II. RMS roughness (Rrms), average roughness (Ra) and
maximum roughness depth (Rmax) of h-BN samples (100 microm-
eters).

Hexagonal

Boron Rrms (µm) Ra (µm) Rmax (µm)

Nitride

Dx 0.32± 0.07 0.22± 0.07 3.35± 0.51

IPA 0.09± 0.04 0.06± 0.02 1.54± 0.64

DMF 0.16± 0.08 0.11± 0.05 1.63± 0.31

NMP 0.26± 0.06 0.19± 0.04 2.31± 0.70

FIGURE 4. Tapping mode AFM imaging of h-BN films. Representative AFM topography and 3-dimensional images of top area of Dx-hBN
a)-b), IPA-hBN (c-d), DMF-hBN e)-f) and NMP-hBN g)-h) films.
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FIGURE 5. Histogram distribution of heights on the h-BN films.

may be responsible for the low WCA value. The DMF-
hBN film exhibits a surface structure composed of small pro-
nounced “crusts” with high roughness that are mixed with
areas of low roughness (Figs. 4e)-f)). These “crusts” are
composed by small spheres with a diameter of 150 nm, the
film has a rms roughness of 0.16µm and distribution of
heights that goes from 0.75 to 1.5µm. Finally, the NMP-
hBN film has rms roughness of 0.26µm and a morphology
like a “plateau” with small peaks on it (Figs. 4g)-h)) with
heights from 0.1 to 1.1µm and a second mode in its distri-
bution due to the contribution of the pores present in the film
(Fig. 5). This homogeneous porous “netting” topology was
also observed in the large-scale view image (Fig. 3 NMP)
and is probably responsible for the almost hydrophobic prop-
erty of the NMP-hBN film. From these results it can be ob-
served that different surface roughness and morphologies can
be generated in thin films of h-BN by modifying the solvent
used during liquid-phase exfoliation and that these changes
in the roughness have influence in the wetting properties of
the films. Here, we observed that for the case of IPA-hBN,
DFM-hBN and NMP-hBN thin films, an increase in the rms
roughness of the films leads to an increased WCA value as

reported by Miller and collaborators [42]. However, this
was not observed for the Dx-hBN film which has the high-
est rms roughness but WCA less than 10◦. This anomaly
can be related to several phenomena. The nonpolar charac-
ter of p-dioxane may lead to a low dissolution of the h-BN
layers, which causes the creation of large h-BN aggregates
that then make non-possible to measure the water contact an-
gle. However, this low WCA can be also related to the wet-
ting anisotropy effect that is explained by the creation of het-
erogeneous patterns or nanostructures on the surface of the
films that leads to discontinuities were unsaturated atoms at
the edges of the sheets or crystallites can be functionalized
with terminations like -OH and -H groups. These terminal
bonds cause a change in the interaction with water molecules,
even though there is no functionalization of the edges, they
will also have an effect in the interaction of the film with
the liquid. This changes in the interaction of the film with
water molecules can lead to an effective anisotropy of the
wetting properties resulting in an increase or decrease of the
WCA [43–45].

4. Conclusions

By changing the solvent used during liquid-phase exfolia-
tion of h-BN the wetting properties of h-BN thin films can
be modified. The use of different solvents leads to a pro-
duction of films with different morphologies and roughness
surfaces, which in turn leads to a change in the water contact
angle of the films. Here, we observed that an increase on the
rms roughness leads to an increased WCA, with exception of
an h-BN thin film prepared from h-BN dispersed in dioxane,
whose high roughness can lead to an anisotropy wettability.
These results show that the properties of nanostructured ma-
terials depend critically on the synthesis methods and its pa-
rameters, and that in this way, we are able of control and
tailor certain properties, such as wettability, to produce sur-
faces with precise properties for specific applications. The
differences in WCA of exfoliated h-BN might allow the ease
integration into a matrix with different polarities at relatively
large concentrations.
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