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Formation of Hexagonal boron nitride nanoscrolls 

induced by Inclusion and Exclusion of Self-assembling 

molecules in solution process 
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Compared with nanoscroll of 2D graphene, that of 2D h-BN 

has not been demonstrated except only few experimental 

reports. Nanoscrolls of h-BN with high yields and 

reproducibility are first synthesized by a simple solution 

process. Inner-tube diameter of BNSs included by LCAs, N-

(2-aminoethyl)-3α-hydroxy-5β-cholan-24-amide, as a bile acid 

derivative and self-assembling material can be controlled by 

adjusting diameter of LCA fiber which is growing by self-

assembly. TEM and SEM images show that BNSs have a 

tube-like morphology and the inner-tube diameter of BNSs is 

controlled in the range from 20-60nm for a smaller diameter 

up to 300nm for a larger diameter by LCA fiber growth 

inside BNSs. Finally, the open cylindrical BNSs with hollow 

core were obtained by dissolving LCAs inside BNSs. 

 

The two-dimensional (2D) materials1 such as few-layer 

crystals of graphene, hexagonal boron nitride (h-BN) and 

molybdenum disulphide (MoS2) have attracted great attention 

in nanotechnology2. During the past few years, graphene has 

been extensively studied in many fields, although smaller than 

the number on graphene papers, there are a huge number of 

theoretical and experimental papers on these other 2D crystals, 

particularly h-BN3, 4. h-BN, called white graphene, has 

electrical insulating5, superb mechanical properties6, 7 and high 

thermal conductivity8 through the different dimensional types. 

h-BN can be regarded as the basic 2D building block for other 

dimensionalities such as 0D nanoball, 1D boron nitride 

nanotubes (BNNT), 3D bulk h-BN crystals and boron nitride 

nanoscrolls (BNS), which are new h-BN-based materials and 

morphologically very similar to graphene nanoscrolls (GNS)9-

12. Recently, a few researches have been developed for the 

fabrication of BNSs by shear induced formation13 and 

exfoliation of h-BN by molten hydroxides14. However, these 

methods have many disadvantages, including the difficulties 

about exfoliation of h-BN due to the stronger lip-lip interaction2 

between crystals, expensive equipment and installation costs, 

etc. Additionally, the scroll mechanism of 2D h-BN crystals has 

not been explained as well as there has been no report about 

controlling the inner-tube diameter of BNSs compared with that 

of BNNT15, 16.  

Here we demonstrate the first and simple synthetic method of 

Hexagonal Boron nitride scrolls (BNS) using a density gradient 

method and BNSs made by interaction of the exfoliated h-BN 

with LCAs as a self-assembling material have a unique 

structure including LCAs inside BNSs. And the inner-tube 

diameter of BNSs could be controlled by adjusting diameter 

size of LCA fiber inside BNSs. We obtain the hollow core 

BNSs from exclusion of LCAs through both open end points of 

BNSs dissolved by solvent. 

 

As starting materials, the exfoliated h-BN (<1µm) solution 

was obtained by a chemical exfoliation method and 

characterized by Scanning electron microscopy (SEM), Atomic 

force microscopy (AFM) and Transmission electron 

microscopy (TEM) (Fig. S1) and synthesis of N-(2-

aminoethyl)-3α-hydroxy-5β-cholan-24-amide (LCA) as a bile 

acid derivative and self-assembling material was reported in 

supplementary information.  

In general, LCAs from the nature amphiphilic molecules have 

stronger binding affinities for the 2D materials such as 

graphene17 and h-BN sheets by noncovalent interaction and can 

be self-assembly. Also, an amine-functional group of LCAs can 

strongly interact with h-BN sheets as Lewis acid and base, 

particularly focusing on its free edge sites18. Different from 

LCAs with three functions of amphiphilicity, self-assembly and 

Lewis base, other bile acid derivatives such as cholic acid, 

deoxycholic acid, lithocholic acid, methyl lithocholate and N-

(2-aminoethyl)-3α-hydroxy-5β-cholan-24-amide with only one 

or two functions have been investigated about effective 

interaction with h-BN sheets. However, BNSs can not be 

obtained from these materials under the same condition of 

LCAs fiber growth. It is believed from these results that LCAs 

strongly interact with h-BN sheets as an important factor in 

scrolling formation of BNSs.  
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Figure 1. Effect of separation by density gradients of floating 

precipitates on adding different amounts of LCAs into the 

exfoliated h-BN solution; Images of (a) the exfoliated h-BN 

solution of ODCB (5mL) and floating precipitates from (b) 0.01 

(c) 0.02 and (d) 0.1mmol of LCAs dissolved in ODCB (1mL). 

 

Using these specific functions of LCAs, hexagonal boron 

nitride nanoscrolls (BNS) were synthesized by adding the 

amount of LCAs into the exfoliated h-BN sheets. An amount of 

LCA in the range from 0.01 to 0.1mmol was dissolved in 

ODCB (1mL) and heated to 60°C. Then, the dissolved hot 

solution was immediately poured into the exfoliated h-BN 

solution of ODCB (5mL) at room temperature. As increasing 

the amount of LCA adding into the exfoliated h-BN solution, 

that of the floating precipitates increases by density gradients 

(Fig. 1). The floating precipitates have almost BNSs while the 

precipitates of the bottom layer have the mixtures of the 

aggregated h-BN and multilayers of h-BN, as shown in Fig S2. 

The density gradients are due to the mass ratio of two 

components in complexes produced by interaction between the 

amount of LCA and h-BN sheets in which the density of the h-

BN sheets is almost equal to that of ODCB (1.30g/mL) and 

bigger than that of LCA (1.08g/mL). As a result, as the amount 

of LCA increases, interaction between h-BN sheets and LCAs 

increases and the density of the floating precipitates decreases 

and then the phase separation is induced. Simultaneously, the 

crude BNSs (C-BNS) were obtained by the floating precipitates 

due to the decrement of the surface interaction between h-BN 

sheets and ODCB and of the surface areas of BNSs compared 

with that of h-BN sheets. 

 

To purify the produced C-BNSs, the solution of the resulting 

precipitates was stored at room temperature for 24 hrs in order 

to ensure the phase separation by a larger differences in the 

density of boron nitride-LCA complex caused by the interaction 

between h-BN sheets and LCAs in ODCB. And then, the 

precipitates were obtained by filtering with a PTFE membrane, 

affording BNSs.  

Fig. 2 depict the tube-like morphology srolled by interaction of 

h-BN sheets with LCAs. Fig. 2a shows the BNSs were 

produced with high yields and the inner diameter of 20-60nm 

after adding LCAs of 0.02mmol into the exfoliated h-BN in 

ODCB. High resolution-TEM (HR-TEM) images (Fig. 2b) 

indicate the 0.33nm d-spacing in the walls of BNSs, which 

corresponds to the layer-by-layer distance of h-BN sheets and 

BNNTs. Likewise, the single BNSs completely rolled up 

through the cylindrical axis are represented in Fig. 2c-d. As 

shown in HR-TEM (Fig. 2e-f), the tube end points of BNSs are 

circular, which is different from those of graphene scrolls 

(GNS). Previous papers9, 10 reported that the dispersed graphene 

prepared by ultrasonication has irregular morphology and 

defects. But, in our case, the exfoliated h-BN prepared by a 

homogenized magnetic stirrer without ultrasonication has the 

originally intact circular shape with no defects. Hence, we 

suggest that BNSs rolled up from the exfoliated h-BN sheets 

are regular in shape and have no defects to compare with GNSs. 

Moreover, BNSs were detected by the elementary analysis of 

Energy dispersive spectrometer (EDS) images, which confirms 

the unique structure of LCA-included Boron nitride nanoscrolls 

(Fig. S3).  

 

 

 
 

Figure 2. Hexagonal Boron nitride nanoscroll produced from 

LCAs and the exfoliated boron nitride sheets. (a) TEM images 

of BNSs with high yield and (b) with 0.33nm d-spacing by 

magnification. (c-d) HR-TEM images of single BNS rolled up 

completely and (e-f) with the end points of each edge in (c-d). 

 

We now consider the information of electronic structure and 

phonon dispersion of the h-BN based materials. Raman spectra 

of the exfoliated hexagonal boron nitride (<1µm) and Boron 

nitride nanoscrolls (BNS) are revealed in Fig.3. At first, Raman 

spectrum of the exfoliated h-BN represents the Full width at 

half-maximum (FWHM) of 16cm-1 at E2g phonon mode 

(~1364cm-1), which is due to B-N bond vibration and phonon 

dispersion within a plane19. Second, in the case of those of 

BNSs, the remarkable changes of FWHM of 19cm-1 at E2g 

phonon mode (~1366cm-1) are observed, which shows the blue 

shift of up to 2cm-1 and broadness of up to 3cm-1 compared with 

the exfoliated h-BN. In addition, at E2g mode, it is noticed that 

the degree of Raman shift and intensity for BNSs are larger 

than those for the exfoliated h-BN. The blue shift of E2g phonon 

mode indicated a slightly shorter B-N bond, caused by the 

isolated monolayers20 or compressive stresses compared with h-

BN sheets and BNNTs21, 22. The reason about the blue shift of 

BNSs at E2g phonon mode is same in our case. Therefore, it is 

believed that the blue shift and broadness of FWHM give 

strong evidence to BNSs due to the lip-lip interaction between 

scrolled h-BN sheets and morphological differences of BNSs. 

 

Page 2 of 6Nanoscale

N
an

os
ca

le
A

cc
ep

te
d

M
an

us
cr

ip
t



Journal Name COMMUNICATION 

This journal is © The Royal Society of Chemistry 2014 Nanoscale, 2014, 00, 1-3 | 3  

 
 

Figure 3. Raman spectra of the exfoliated h-BN and BNSs with 

laser excitation at 532nm of wavelength. Raman spectra of (a) 

the exfoliated h-BN and (b) BNSs at E2g phonon mode. 

 

Solid core BNSs, filled with LCA molecules, were classified 

by two kinds of smaller and larger inner-diameter sizes of 

BNSs (S-BNSs and L-BNSs, respectively). First, for 

preparation of solid core S-BNSs, LCA of 0.02mmol was 

dissolved in ODCB (1mL) and heated to 60°C. Then, the 

dissolved hot solution was immediately poured into the 

exfoliated h-BN solution (5mL) at RT. The fiber growth of 

LCAs themselves is relatively slow due to the increment of the 

interaction between h-BN sheets and LCAs. And to remove an 

amount of LCAs more than that of h-BN sheets through 

dissolution by solvent, C-BNSs were washed with methanol 

followed by centrifugation at 4000 rpm for 20 minutes and by 

decantation. This procedure was at least repeated five times. 

And the solid core S-BNSs were obtained.  

Second, for preparation of solid core L-BNSs, LCA of 

0.003mmol was dissolved in ODCB (1mL) and heated to 60°C. 

Then, the dissolved hot solution was stored at room temperature 

for 24hrs, which create favorable conditions for growing to 

LCA fiber. In general, it has been known that LCAs grow to 

fiber in various solvents23 by intermolecular interaction of 

hydrogen bonding, hydrophobic interaction and van der Waals 

forces (Fig. S4). And then LCA fiber solution was poured into 

the exfoliated h-BN solution at RT and the precipitates were 

obtained by filtering with a PTFE membrane, followed by 

centrifugation at 4000 rpm for 20 minutes and by decantation. 

Here, the LCA fiber as a template interacts with h-BN sheets. 

As the diameter of the LCA fiber increases, the larger solid core 

L-BNSs were obtained. 

TEM image (Fig. 4a) represents the solid core S-BNSs of 

few nanometers with the self-assembled LCAs. And a SEM 

image (Fig. 4b) describes the solid core L-BNSs of 300nm, 

900nm length and few micro lengths of LCAs placed on 

SiO2/Si substrates. Inner-tube diameter of solid core L-BNSs 

compared with that of S-BNSs is larger, which are synthesized 

by providing a favorable condition for the fiber growth of LCA 

before adding the LCA solution into the exfoliated h-BN 

solution. Because the LCAs are recrystallized by cooling the 

temperature down and grown to fiber on SiO2/Si substrates, the 

SEM image shows the grown fiber of LCA inside L-BNSs. 

Consequently, the inner-tube diameter of BNSs can be 

controlled by the growth condition of LCA fiber diameter. 

  
 

Figure 4. Hexagonal Boron nitide nanoscroll with LCA 

inclusion and fiber growth. (a) HR-TEM image of BNS tube 

axis with LCA inclusion. (b) SEM image of BNS with a LCA 

fiber on SiO2/Si substrates. 

 

 Recently, the inclusion of molecules such as water,24, 25 

cations and anions26 by permeation inside BNNT with a large 

inner-tube diameter have drawn much attention to the promise 

applications.27 However, the experimental difficulties in 

preparation of BNNTs filled with the desired materials have 

prevented the development of materials, which is not easy to 

open the endcaps of BNNTs and remove the encapsulated 

molecules after the synthesis. Due to the impermeability of h-

BN sheets, the solvents cannot penetrate the vertical axis of 

BNSs. Instead, only the open BNSs at both end points can be 

permeated through the horizontal axis of BNSs by solvents.  

To remove the included LCAs inside BNSs, the obtained S-

BNSs were washed with methanol several times in order to 

have long time enough to dissolve LCAs due to the 

impermeability through the vertical axis of BNSs. Here, the 

TEM image describes the partially dissolved LCAs inside S-

BNSs (Fig. 5a). Furthermore, after dissolving LCAs with 

methanol for few days, LCAs inside S-BNSs were completely 

removed resulting in only hollow core S-BNSs of 25nm inner 

diameter (Fig. 5b).  

The SEM images (Fig. 5c-d) also represent hollow core L-

BNSs after washing LCA with the methanol, and L-BNSs with 

large hollow core of 125nm inner diameter through SEM at tilt 

angle of 60°. From the procedure, BNSs can be easily included 

by LCA and excluded through the both open end points of 

BNSs dissolved by solvent and degraded by heat.  

  

Page 3 of 6 Nanoscale

N
an

os
ca

le
A

cc
ep

te
d

M
an

us
cr

ip
t



COMMUNICATION Nanoscale 

4 | Nanoscale, 2014, 00, 1-3 This journal is © The Royal Society of Chemistry 2014 

 

  

  
 

Figure 5. Removal of self-assembled LCAs inside Hexagonal 

boron nitride nanoscrolls by methanol. (a) TEM images of S-

BNSs with partial dissolution of LCAs inclusion at the both end 

points and (b) the hollow core BNSs with the complete 

dissolution of LCAs. (c) SEM images of BNSs after washing 

LCA with the methanol and (d) with the hollow core at tilt 

angle 60°. 

 

Formation mechanism of Boron nitride nanoscrolls induced 

by LCA 

 

The TEM images (Fig. 6) depict the formation of BNSs, 

which is involved in (a) prinstine h-BN sheets, (b-c) the initial 

state of h-BN scrolling gradually after adding LCAs of 

0.02mmol into the exfoliated h-BN solution and (d) the end 

state of full h-BN scrolling.  

The interaction of h-BN with the amine-functional group of 

LCAs is very important for understanding formation 

mechanism of Boron nitride-LCA nanoscolls. In the energy 

aspect of interaction, the amine-functional group of the LCA 

fiber has the interaction on the entire sheets of h-BN but strong 

interaction on the edge of the more unstable part because the 

edge of h-BN have the lowest energy of bond length, angles, 

dipole moments and adiabatic adsorption, particularly, at the 

edge of h-BN sheets18. Therefore, scrolling occurs at the edge 

of h-BN sheets. 

 

  

  
 

Figure 6. Formation of Hexagonal boron nitride nanoscrolls 

from the edge of the h-BN sheets. TEM images of (a) pris-tine 

hexagonal boron nitride, (b-c) the initial state of h-BN scrolling 

and (d) the end state of h-BN scrolling. 

 

For the formation of scroll, similar to GNSs,28 three driving 

forces are needed for BNSs; One is the interaction of h-BN 

with the amine-functional group of LCAs as Lewis acid and 

base, which effect the scrolling of h-BN sheets spontaniously 

(increasing stability). Another is bending of the h-BN sheets 

(decreasing stability) and the other is rolling h-BN with van der 

Waals interaction energy of π-π overlapping (increasing 

stability).3 Using these driving forces, the interaction energy 

between h-BN sheets and the amine-functional group of LCAs 

is defined as29, 30  

 

Einteraction = Etotal – ( Eboron nitride + ELCA ) 

 

where Etotal is the total potential energy of BNSs formation 

and Eboron nitride and ELCA are the energy of the each prinstine 

structure. As soon as adding the amount of LCAs into the 

exfoliated h-BN solution, although the two sides of h-BN sheets 

have the same opportunities, one side of h-BN sheets slightly 

more interacted with the amine-functional group of LCAs by 

subtle differences in the interaction. As this interaction 

gradually increases, rising and bending of h-BN sheets at the 

edge occur. Simultaneously, Einteraction increases by the 

decrement of lip-lip interaction between neighboring h-BN 

sheets. However, the interaction of h-BN sheets with the amine-

functional group of LCAs has a counterbalance energy to the 

sp2 hybridization interaction. At the same time, as LCAs 

gradually grow to fiber by self-assembly, the h-BN sheets have 

a first cycle rolling up by the interaction energy enough to 

overcome the energy of h-BN sheets. The inner diameter of 

BNSs is bigger than that of GNSs due to the small 20-100MPa 

elastic modulus of h-BN sheets31 compared with 1Tpa of 

graphene32, which results in the loose π- π interaction. As 

srolling process is initiated, Eboron nitride gradually increases 

because of the bond bending, stretching and the decrement of 

overlapping graphene π- π interaction. and ELCA is fixed as a 

scrolling template after rolling up to a first cycle. After a first 

cycle scrolling, h-BN rolling with π-π interaction increases the 

stability. 

Accordingly, the total potential energy of BNSs formation is 

due to differences of interaction energy between LCAs and h-

BN sheets and energy of pristine h-BN heets. The inner-tube 

diameter of BNSs depends on the surface area of the exfoliated 

h-BN sheets and the diameter of LCA template where the 

scrolling process occurs. 

In summary, Hexagonal boron nitride nanoscrolls with high 

yields were first synthesized by a simple solution process and 

separated by a density gradient method. The inside of the 

resulting BNSs is included by LCAs as a self-assembing 

molecule, which is able to control the inner-tube diameter of 
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BNSs by diameter of LCA fiber and also can be excluded 

inside BNSs by solvent. The TEM images show that S-BNSs 

have a tube-like morphology with inclusion of LCAs. The SEM 

images show the open cylindrical structure of L-BNSs included 

by the fiber growth of LCA by self-assembly, which is caused 

by adding LCA fiber into the exfoliated h-BN solution, 

resulting in L-BNSs. Raman spectroscopy confirms that the 

blue shift and broadness of FWHM give strong evidence to the 

electronic structure of BNSs. In addition, the TEM and SEM 

images show the dissolution of LCAs from both end points to 

center of the hollow core S-BNSs of 25nm and L-BNSs of 

125nm inner diameter.  

In conclusion, a new way was developed to insert and draw 

out the desired material into the inside of hexagonal boron 

nitride nanoscrolls and also their inner-tube diameter can be 

controlled by adjusting the diameter of LCA fiber. By carefully 

selecting the Lewis base and the reaction conditions, the 

approach might be potentially useful for the preparation of 

complex of hexagonal boron nitride nanoscrolls and desired 

materials. The final goal of these efforts is the detailed 

evaluation of their advanced properties required for future high-

performance composites, nano-, bio-, electromechanical, and 

medical devices. 
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