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Abstract: Hexagonal boron nitride (h-BN) is regarded as a graphene 

analogue and exhibits important characteristics and vast application 

potentials. However, discovering a facile methodology for the 

preparation of nanoporous crystalline h-BN nanosheets (h-BNNS) is 

still a challenge. Herein, a novel and simple protocol for the 

conversion of amorphous h-BN precursors to highly crystalline h-

BNNS was achieved through a successive dissolution-

precipitation/crystallization process in the presence of magnesium. 

The fabricated h-BNNS exhibited high crystallinity and high porosity 

with a surface area of 347 m2 g-1, high purity, and enhanced thermal 

stability. Improved catalytic performance of crystalline h-BNNS was 

evidenced by its much higher catalytic efficiency in the 

dehydrogenation of dodecahydro-N-ethylcarbazole, compared with its 

amorphous h-BN precursor, as well as other precious metal loaded 

heterogeneous catalysts. This work provides new insight into the 

fabrication of nanoporous crystalline h-BNNS, expanding its 

application in the field of energy storage and transformation. 

Two-dimensional (2D) nanomaterials have been the subject of much 

research since the discovery of mechanically exfoliated graphene with 

extraordinary physical and chemical properties.[1-5] Hexagonal boron 

nitride (h-BN) has a layered honeycomb-like structure similar to that 

of graphite, consisting of alternating B and N atoms. A single-layer h-

BN nanosheet (h-BNNS) can be regarded as a graphene analogue, 

which is commonly known as the "white graphene". h-BN structures 

are characterized by their excellent thermal and chemical stability, 

and unique electronic and optical properties, which are widely applied 

in the field of energy storage and transformation.[2, 6, 7] Generally, their 

properties/functionality can vary tremendously depending on their 

different structural characteristics, such as size, surface area, 

thickness, crystal phase, defects, vacancies, etc.[2, 8-10] 

To date, Hermans et al. reported that bulk h-BN and boron nitride 

nanotubes (BNNT) exhibited unique and highly efficient catalytic 

properties for the oxidative dehydrogenation of propane, resulting in 

great selectivity to olefins (79% propene and 12% ethene at 14% 

propane conversion).[11, 12] Although both bulk h-BN and BNNT 

exhibited analogous product distributions, BNNT showed a rate of 

propane consumption more than one order of magnitude higher than 

that of h-BN, partially because of the higher surface area of BNNT (97 

m2 g-1) relative to bulk h-BN (16 m2 g-1), and thus a superior mass 

transfer effect during the catalytic process. The thickness of the h-BN 

materials (bulk vs. few layered) also had a significant effect on their 

properties. Generally, few layered h-BNNS are preferred, which are 

mostly prepared via either a solid-phase mechanical method[13] or 

liquid-phase exfoliation.[14, 15] Our group previously presented an 

efficient strategy for the scalable synthesis of few-layered h-BNNS 

using a gas exfoliation of bulk h-BN in liquid N2.
[16] However, the final 

few-layered h-BNNS obtained through these approaches often suffer 

from low surface areas or amorphous/low crystalline structures.[15, 17] 

Compared with amorphous materials, their highly crystalline 

counterparts have ordered structures and fewer defects, thus leading 

to enhanced performance in optoelectronics and catalysis,[18] as 

shown by the significant development of crystalline metal–organic 

framework (MOF) nanosheets,[19] and 2D covalent organic 

frameworks (COFs).[20] In addition, the high crystallinity makes their 

structures easier to be determined by using powder X-ray diffraction 

(PXRD) and high-resolution transmission electron microscopy (HR-

TEM). Up to now, the lack of a controlled synthesis of quality h-BN 

samples largely prevented the full potential of h-BN nanostructures 

from being realized. Therefore, the development of novel and simple 

synthetic methodologies for the fabrication of crystalline few-layered 

h-BNNS with a high surface area would propel further advancement 

in this field, despite still being a challenging task.  

We hypothesized whether it was possible to construct highly 

crystalline and porous h-BNNS from amorphous h-BN. Recently, this 

protocol was utilized in the conversion of amorphous covalent organic 

polymers (COPs) to COFs of high crystallinity and porosity by 

replacing the linkers.[21] Herein, a novel strategy was developed for 

the successful transformation of amorphous bulk h-BN to h-BNNS 

with high crystallinity and porosity, which was fully characterized by 

powder X-ray diffraction (PXRD), microscopy and N2 

adsorption/desorption isotherms. The essence of this strategy lies in 

the successive dissolution-precipitation/crystallization of amorphous 

h-BN precursor in the presence of magnesium (Mg) (Figure 1A). The 

produced crystalline h-BNNS consisted primarily of thin layers in a 

high mass yield of 88%. The N2 sorption and desorption isotherm 

exhibited a surface area of 347 m2 g-1 and total pore volume of 0.41 

cm3 g-1 with a pore size distribution dominated by mesopores. The 
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enhanced structure patterns and thermal stability render it as an 

efficient catalyst in the dehydrogenation of dodecahydro-N-

ethylcarbazole, exhibiting a much higher catalytic efficiency compared 

with the amorphous h-BN precursor, as well as other precious metal 

loaded heterogeneous catalysts reported previously. 

 

Figure 1. (A) The general strategy used in this work for the conversion of 

amorphous h-BN to crystalline h-BNNS. (B) PXRD patterns of the bulk h-BN 

precursor and (C) the obtained crystalline h-BNNS. 

The amorphous h-BN precursor was first synthesized according to 

a previously reported procedure with boric acid and urea (molar ratio 

1:24) as the reactants, which was calcined at 900 oC for 2 h under N2 

atmosphere (for details, see Supporting Information).[22] The PXRD 

pattern of the bulk h-BN samples (Figure 1B) showed only one broad 

tiny diffraction peak at 2θ = 42.5 degrees, which was indexed at (100) 

planes of h-BN, and no obvious diffraction (002) peak at 2θ = 27.0 

degree was observed, indicating almost no crystallinity of the h-BN 

precursor. It is well known that catalysts such as metal elements, 

oxides, and salts, can significantly lower the graphitization 

temperature of soft carbons and enable the graphitization of hard 

carbons.[23, 24] Our group has reported a simple electrochemical route 

for the graphitization of amorphous carbons through cathodic 

polarization in molten CaCl2, and the resultant nanostructured 

graphite exhibited good performance as a superior cathode material 

for batteries.[25] In this work, a crystallization strategy was adopted for 

the transformation of h-BN material in the presence of molten metals. 

Magnesium was selected as the reagent used to treat the amorphous 

h-BN precursor, considering its appropriate melting point (650 oC) and 

good performance in the fabrication of crystalline graphite powder 

from renewable hard carbon precursors.[26] The recrystallization 

process is illustrated in Figure 1A. The h-BN precursor was first mixed 

with Mg powder, and then the mixture was sealed in stainless-steel 

tubes and treated at 900 oC under N2 atmosphere (for details, see 

Supporting Information). After removing the Mg by washing, 

crystalline h-BN was obtained with a yield of 88 % by weight. The 

atomically precise periodic architecture of the obtained h-BN was 

investigated by PXRD, and these data match well with a typical 

hexagonal structure of h-BN (JCPDS card no. 01-073-2095).[2] A 

strong diffraction (002) peak at 2θ = 26.41 degrees corresponds to the 

interplanar distance of 3.5 Å. Other relatively weaker diffraction peaks 

at 2θ = 41.88, 42.93 ,44.46 and 54.08 degrees are assigned to (100), 

(101), (002), and (004) crystal planes, respectively, suggesting the 

formation of highly crystalline h-BN with an extended/ordered stacking 

in the c direction.[27] These results confirm that this method can 

effectively transform the bulk amorphous precursor into highly 

crystalline h-BN. 

In order to illustrate the morphological change after treatment with 

Mg, scanning electron microscopy (SEM) images of the parent bulk 

amorphous h-BN and obtained crystalline h-BN are shown in Figure 

2A and 2B. The bulky h-BN precursor is mainly composed of big 

blocks containing randomly packed layers of large lateral size and 

thickness (>3.5 µm). Comparatively, the crystalline h-BN 

demonstrates a petaloid flakes morphology of much smaller lateral 

size (≈200 nm) with a thickness of about 12.9 nm. Meanwhile, 

transmission electron microscopy (TEM) images of the h-BN 

precursor and the crystalline h-BN also exhibit distinct differences. 

Figure 2D shows that the crystalline h-BN has a transparent and 

overlapped flat structure, whereas the parent amorphous h-BN has a 

bulky and opaque structure with numerous wrinkles and crimps, as 

shown in Figure 2C, which provides clear evidence that the bulky h-

BN precursor is reorganized into sheet-like patterns. In the region of 

higher contrast in Figure 2D, the curved edge can be seen and the 

thickness of one sheet-like structure is found to be approximately 13.1 

nm, consistent with the thickness measured in the SEM image. Figure 

2E and 2F are an enlarged selective area of Figure 2C and 2D, 

respectively. HR-TEM images of the parent h-BN precursor showed 

no lattice fringes, while HR-TEM images of the crystalline h-BN 

exhibited one set of lattice fringes with a spacing of 0.35 nm, 

corresponding to the (002) plane of the six-fold symmetry of h-BN. 

Given that the thickness of a single-layered h-BN is about 0.4-0.5 

nm,[28] the observation suggests that the as-prepared crystalline h-

BNNS consists about 15~20 atomic layers in each sheet. The electron 

diffraction pattern suggests the amorphous structure of the h-BN 

precursor (Figure 2G) and the typical six-fold symmetry structure of 

the obtained crystalline h-BNNS (Figure 2H and 2I). 

The Fourier transform infrared (FTIR) spectra of the raw h-BN 

material and the crystalline h-BNNS are shown in Figure S1. In the 

original h-BN, two characteristic peaks are observed at about 1323.5 

cm-1 and 798.1 cm-1, which are attributed to in-plane B-N stretching 

vibrations and out of plane bending, respectively. After 

recrystallization, the two peaks showed a slight blueshift to 1341.7 cm-

1 and 807.7 cm-1, respectively, owing to the ordered pattern and 

connection of the hexagonal structure within the h-BN framework, as 

well as perhaps a composition change after treatment by Mg. Further 

X-ray photoelectron spectroscopy (XPS) analysis was conducted to 

gain more information on the surface structure change of the h-BN 

(Figure S2). In the h-BN precursor, the main peaks with a binding 

energy (BE) of 190.8 eV in the B1s and 398.5 eV in the N1s 

correspond to B-N bonds. In addition, the B-O bond with BE=192.3 

eV and N-C bond with BE=400.1 eV are also exhibited within the h-

BN framework, and are in close agreement with the reported data.[13] 

Comparatively, the crystalline h-BNNS after treatment by Mg powder 

only showed a signal of B-N bonds with BE=190.3 eV in B1s and 

BE=397.9 eV in N1s, indicating that most of the residual carbon and 

oxygen elements from the starting materials were further removed 

during the heating process through combination with Mg, resulting in 

high-purity h-BN. The removal of oxygen atoms during the 

recrystallization process is also evidenced by the magic angle 
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spinning (MAS) 11B solid-state NMR spectroscopy (Figure S3). In the 
11B spectra of the h-BN precursor, an obvious signal for BO3 is shown 

at -0.72 ppm, which disappears in the crystalline h-BNNS. Both the h-

BN precursor and the crystalline h-BNNS exhibited 11B signals at 10.2 

ppm and 26.1 ppm, which is attributed to the BN3 structure.[29] 

Although h-BN generally exhibited high thermal stability considering 

its fabrication process performing at high temperature under N2, 

inevitable residual carbon and oxygen elements within the backbone 

will lead to decreased thermal stability under air. Thermogravimetric 

analysis (TGA) of the h-BN precursor showed a weight loss beginning 

at 260 oC under air (Figure S4), probably caused by the loss of carbon 

atoms, with the weight loss reaching ~30 wt% up to 800 oC. A further 

increase in temperature led to a slight increase in the sample weight 

due to the combination of boron in BN2 or BN units with oxygen atoms 

in the air. Comparatively, only a slight weight loss in the crystalline h-

BNNS was observed from 520 oC (<10 wt%), demonstrating its 

enhanced thermal stability. 

 

Figure 2. (A) SEM image of the bulk h-BN precursor and (B) crystalline h-BNNS. 

(C, E) (HR)-TEM image of h-BN precursor and (D, F) crystalline h-BNNS. (G) 

Electron diffraction pattern of h-BN precursor and (H) crystalline h-BNNS. (I) 

Hexagonal structure of h-BN. The inset images magnify selected regions. Scale 

bar 100 nm for (A~D), 20 nm for (E, F), 5 1/nm for (G) and 10 1/nm for (H). 

The permanent porosity of crystalline h-BNNS was measured by N2 

adsorption/desorption analysis at 77 K (Figure S5). The N2 sorption 

isotherms exhibited combined features of type I and type IV with two 

evident steep steps in the regions of P/P0=0-0.01 and 0.80-0.98, 

suggesting the coexistence of micro- and mesopores. Based on the 

calculated result of the non-local density functional theory method 

(NLDFT), it was clear that micropores around 1.06-1.92 nm in size 

and mesopores with pore diameters in the range of 2-13.5 nm were 

present. The Brunauer–Emmett–Teller (BET) surface area of the 

crystalline h-BN was estimated to be 347 m2 g-1, owing to the high 

surface area of the amorphous precursor (Figure S5 D~F), with a total 

pore volume of 0.41 m3 g-1. Notably, mesopores played a dominant 

role in the pore structure, contributing ~99% of the total pore volume 

(Vmicro=0.0085 cm3 g-1, calculated using the t-plot method). For 

catalytic or adsorptive materials, this high surface area can enhance 

their reactivity due to an improved mass transfer effect. The result 

further suggested that the method developed in this work is highly 

efficient in generating few-layered nanoporous crystalline h-BNNS of 

high purity, high surface area and high thermal stability. 

Encouraged by the above results, we conducted time-dependent 

experiments to gain better insight into the transformation of 

amorphous h-BN to crystalline h-BN. As shown in Figure 3A, PXRD 

results of the materials obtained at different calcination times 

indicated that the long-rang ordering of h-BN already occurred when 

the reaction time reached 40 min, and the crystallinity of h-BNNS 

gradually increased from 20 min to 60 min. Heat treatment 

temperatures are also very critical to the recrystallization of the h-BN 

precursor. As mentioned above, crystalline h-BNNS can be obtained 

at a calcination temperature of 900 oC. Under otherwise identical 

treatment conditions, the h-BN samples obtained at calcination 

temperatures of 800 oC and 1000 oC led to amorphous materials, as 

shown by the PXRD patterns (Figure 3B). The SEM images showed 

that h-BN obtained at 800 oC were still big blocks with thick layers 

(Figure S6), somewhat like the h-BN precursor, while h-BN obtained 

at 1000 oC became bulky particles. This indicated that the appropriate 

temperature is needed for the solubilization of h-BN in molten Mg, but 

too high a temperature led to the shrinkage of the h-BN skeleton. The 

PXRD results also showed that a short reaction time (20 min) or low 

heating temperature led to a small amount of carton nitride (JCPDS 

card no. 50-0664) formation within the obtained h-BN samples. As 

previously reported, dissolution-precipitation mechanism and 

formation-decomposition of carbide intermediate mechanism have 

been proposed to explain the graphitization process in the presence 

of metal catalysts.[26, 30] Considering the the high thermal stability of h-

BN (up to 2800 oC) under N2,
[31] the recrystallization process of h-BN 

in this work was estimated to proceed through a dissolution-

precipitation mechanism. 

 

Figure 3. PXRD patterns of h-BN obtained at (A) different calcination time and 

(B) different heating temperature. 
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Handling hydrogen in chemically bound form as liquid organic 

hydrogen carriers (LOHCs) supports concept that a future hydrogen 

economy may work without the need to handle large amounts of 

elemental hydrogen.[32-34] But the realization of this future economy 

relies on the development of a highly efficient catalytic system for the 

reversibility and high selectivity of LOHC,[35] especially the N-

ethylcarbazole (NEC) and dodecahydro-N-ethylcarbazole (12H-NEC) 

cycle systems.[36] However, even after decades of research, the 

unsatisfactory performance obtained using high doses of precious-

metal dehydrogenation catalysts and the required high reaction 

temperatures has proven to be a bottleneck (Table S1).[34] 

Considering the highly efficient catalytic activity of h-BN in oxidative 

dehydrogenation of propane (ODHP) for olefin production,[11, 12, 37, 38] 

we envisioned that the crystalline nanoporous h-BNNS obtained in 

this study could act as an efficient metal-free catalyst for the 

dehydrogenation of 12H-NEC. Indeed, taking NEC-12H as a model 

substrate (Figure 4), a 74% yield of NEC was obtained using the as-

prepared crystalline h-BNNS as the catalyst at a low reaction 

temperature (120 oC). Notably, this yield is much higher than that 

obtained by the bulk amorphous h-BN (NEC yield: 40%), 

commercialized h-BN (NEC yield: 10%) as well as Pd/C (NEC yield: 

5.2%) under the same conditions. The enhanced catalytic activity of 

crystalline h-BNNS is also observed in the dehydrogenation of 

dodecahydro-N-propylcarbazole (12H-NPC) with a yield of N-

propylcarbazole (NPC) as 63% (crystalline h-BNNS) and 36% 

(amorphous h-BN). Notably, the catalytic efficiency of h-BNNS is 

much higher than that of Pd-, Pt-, Ru-loaded heterogeneous catalysts 

previously reported (Table S1). According to the previously reported 

literatures,[11, 39] the dehydrogenation process of 12H-NEC is 

proposed to include the adsorption of 12H-NEC on the B sites, 

cleavage of the C-H bond and formation of H2 gas. We proposed that 

the synergistic effect of the nanoporous structure (beneficial to mass 

transport) and highly ordered crystalline pattern of h-BNNS (exposure 

of more B sites) plays crucial role in achieving this superior 

dehydrogenation performance. 

 

Figure 4. Comparison of the catalytic efficiency of various catalysts including 

the crystalline h-BNNS for the dehydrogenation of 12H-NEC. 

  In conclusion, we have developed a novel strategy used to construct 

highly crystalline nanoporous h-BNNS through the transformation of 

amorphous h-BN precursors in the presence of Mg. The as-prepared 

h-BNNS are characterized by high crystallinity, high purity, high 

porosity and high thermal stability. These desirable structural patterns 

and properties render enhanced catalytic efficiency and potential 

application of h-BNNS in the dehydrogenation of LOHC as metal-free 

catalyst under mild conditions. This protocol could also dramatically 

expand the scope of convenient preparation of crystalline h-BN and 

its utilization in energy storage and conversion. 
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