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Abstract: Hexagonal boron nitride (h-BN) exhibits interesting optical and mechanical properties,
including chemical and thermal stability. Extensive techniques have been applied for the realization
of h-BN at high temperatures. Here, we propose a room-temperature preparation of h-BN at high
pressure through the compression of ammonium azide and boron powder. The structure and
morphology of the obtained h-BN are found to possess tubular-like features, and the selected-area
electron diffraction and electron energy-loss spectroscopy support the formation of h-BN. Remarkably,
h-BN grows gradually from the surface of boron particles to form a core—shell structure. This tubular
morphology of h-BN with a size of 70 nanometers in length and 27 nanometers in width differs from
the conventional lamellar h-BN generated with temperature assistance. Our results demonstrate
a method for the room-temperature synthesis of tubular h-BN, which shows great promise for the
preparation of other nitrides at high pressure and room temperature.

Keywords: high-pressure synthesis; chemical reaction; hexagonal boron nitride

1. Introduction

Hexagonal boron nitride (h-BN) exhibits a wide optical band gap, high thermal con-
ductivity, and chemical stability, making it an extremely promising material for the devel-
opment of advanced electrical and optical devices [1-6]. In industry, h-BN is commonly
obtained from boric acid and ammonia, and high-temperature pyrolysis (sometimes over
1000 °C) and purification are needed to obtain high-quality h-BN [7-9]. The chemical vapor
deposition (CVD) method is another common approach for synthesizing h-BN, typically re-
quiring a suitable substrate for the growth of well-formed h-BN with a reaction temperature
typically above 800 °C [10-14]. In general, these methods have been used for producing
polycrystalline h-BN, but the preparation of high-purity and large-size single-crystal h-BN
remains a challenge. Single-crystal h-BN can be synthesized at a pressure of 3 GPa and a
temperature of over 1900 K by using highly active alkali metal salts as precursors. Single
crystals of hexagonal boron nitride can reach up to 2 cm in size using high-pressure and
high-temperature (HPHT) techniques [15,16]. Over the decades, scientists have strived
to develop new methods for synthesizing h-BN. One approach involves preparing boron
nitride through a molten salt, which utilizes NaBF4 and NaNH; in a lithium bromide
melt [17]. Moreover, scientists have devised a benzene-thermal technique for cultivating
h-BN, in which the lowest temperature is only 350 °C [18].

However, up to now, no methods have been reported for the realization of h-BN at
room temperature. Additionally, h-BN is inherently inert, and its oxidation resistance
temperature can exceed 900 °C [19]. In thermochemical reactions, temperature serves as
the driving force for the reaction, and the increase in temperature intensifies the thermal
motion of the reacting molecules, leading to more reactant molecules being activated and
subsequently reacting to produce new molecules [20]. Besides the temperature, pressure
can reduce the distances between reactant molecules, modify their electronic orbitals, and
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increase the reactivity of compounds, thus enhancing the driving force of the reaction.
Unusual phenomena can be revealed when substances are subjected to high pressure; for
instance, metallic sodium becomes transparent under extreme conditions [21]. Pressure
can also be used as a driving force to induce polymerization, such as in the formation of
nanowires from benzene and pyridine. Under high pressure, molecules such as benzene
and pyridine are squeezed together. Upon reaching a critical distance, hydrogen atoms are
forced out of the molecule, and the unsaturated carbon bonds form, resulting in the develop-
ment of an ordered crystalline structure. It is hypothesized that other hydrogen-containing
compounds may also have critical points under extreme pressure, where hydrogen may be
expelled and new chemical bonds formed [22-24].

Here, we propose a room-temperature synthesis of h-BN using ammonium azide and
boron nanopowder as reactants, with pressure as the only driving force of the chemical
reaction. In the experiments, the nitrogen source was the ammonium azide (NH4N3), which
is highly reactive and decomposable during the experiments. Nanoboron powder with a
large specific surface area provides the numerous reaction sites, ensuring a rapid and com-
plete reaction. The obtained products exhibit a unique core-shell structure with nanoboron
particles as the central “core” and h-BN as the “shells”, with a tubular morphology. The
tubular h-BN is approximately 70 nanometers in length and 27 nanometers in width, and it
is stacked with approximately 20-30 layers of monolayer boron nitride. This tubular h-BN
is distinctive from the lamellar structure produced by traditional auxiliary heating methods.
Furthermore, EELS mapping and elemental quantitative analysis indicate that the tubular
morphology region has equal proportions of nitrogen and boron atoms. Additionally, its
EELS spectrum exhibits characteristic 7t* and o* peaks of both boron and nitrogen, which
confirm the formation of sp? valence bonds between them. The position of the absorp-
tion peaks of the obtained sample are consistent with that of commercial h-BN, strongly
validating the successful synthesis of h-BN at room temperature and high pressure. The
room-temperature synthesis of h-BN proposed here may broaden the synthetic methods of
boron nitride and also provides insights for the realization of other nitrides.

2. Materials and Methods

The starting nanoboron powder with a purity of 99.9% was purchased from Aladdin
Reagent Co., Ltd., Shanghai, China, and ammonium azide was produced by the reaction of
sodium azide or magnesium azide with ammonium chloride. To analyze the precursor and
samples, X-ray diffraction (XRD) was performed using a powder X-ray diffractometer (D8
Discover, Bruker) with CuKa radiation. The goniometer was calibrated using high-purity
silicon with a lattice parameter of 5.4311 A. Nanoboron powder was found to be consistent
with -boron (space group: R-3m, Figure S1, see in Supplementary Materials), and the
nanoboron powder displayed excellent crystallinity and was free of impurities. With regard
to the ammonium azide, its diffraction peaks match with Pmna symmetry (Figure S2),
indicating high crystallinity.

High-pressure experiments were conducted using a diamond anvil cell (DAC) and
a Kawai-type multianvil press at the Center for High Pressure Science and Technology
Advanced Research. A DAC with a culet size of 300 um was used for Raman measurements
at room temperature. The mixture of nanoboron powder and ammonium azide was loaded
into a hole of the Re gasket (150 um hole diameter). The pressure was calibrated using
the ruby fluorescence method. Raman spectra were recorded in a backscattering geometry
using a Spectrometer (LabRam HR Evolution Horiba, Paris, France) with a laser of 532 nm
wavelengths (the focus spot size was about 5 pm, the laser power was 0.182 mW, and the
acquisition time was 60 s).

The synthesis was performed in a Kawai-type multianvil press with a 7/3 assembly
(shown in Figure 1a). The press was slowly ramped up at a hydraulic pressure of 1 bar/min,
held for two hours after reaching the target pressure, and then decompressed at a rate of
2 bar/min. As shown in Figure 1b,c, nanoboron powder reacts with ammonium azide
to synthesize h-BN under pressure. The pressure setting was estimated based on the P-T
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calibration curves, which were calibrated by the phase transition of ZnS (15.6 GPa), ZnTe
(18.8 GPa), and GaP (22.5 GPa) at room temperature. Furthermore, the Al;O3 content in
bridgmanite (quenched sample from 2000 K at high pressure) was measured to calibrate the
pressure of more than 27 GPa [25-28]. Temperature was measured simultaneously using a
D-type thermocouple (W3%Re-W25%Re) while heating at high pressure. A homogeneous
mixture of ammonium azide and nanoboron powder was quickly loaded into a Pt capsule
(1.6 mm in diameter, 1.8 mm in height). The initial mixture was compacted and then tightly
sealed to prevent decomposition of the ammonium azide.

—
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MgO

Pt capsule

- . . . Nano boron powder

Ammonium azide

. High pressure
o . . . Pt capsule
| B
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Figure 1. Schematic diagram of (a) high-pressure assembly in the multianvil press; (b) starting
material; and (c) recovered products in the Pt capsule.

Morphological characterization was performed using a scanning electron microscope
(FESEM, JSM-7900F, JEOL Co., Ltd., Tokyo, Japan) with a working distance of 10 mm and an
acceleration voltage of 15 kV. The samples were placed on an SEM holder. To minimize the
charge accumulation on the surface of the sample, a Pt coating was applied before imaging,
due to the weak conductivity of boron nitride. The powder samples were dispersed in
ethanol and subjected to ultrasonic treatment to obtain a uniform suspension, which was
then dropped onto the copper grid. The morphology and structure of the samples were
characterized by high-resolution transmission electron microscopy (HR-TEM) and selected-
area electron diffraction (SAED) using a TEM (JEM-F200, JEOL Co., Ltd., Tokyo, Japan)
with an accelerating voltage of 200 kV. Electron energy-loss spectrum (EELS) measurements
were performed in a condenser spherical aberration-corrected TEM (JEM-ARM300F, JEOL
Co., Ltd., Tokyo, Japan), with an accelerating voltage of 300 kV.

3. Results and Discussion
3.1. In Situ High-Pressure Raman Spectroscopy

The reaction was performed using ammonium azide and nanoboron powder with
a proportion of boron and nitrogen of 1:4 (molar ratio). The mixture was placed in a
DAC sample chamber and subjected to in situ Raman spectroscopy under pressure to
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monitor the potential changes. As shown in Figure 2, initially, the Raman vibrational
peak around 1350 cm~! of N3~ in ammonium azide overlaps with the vibrational peak
of diamond anvils. As the pressure increases, the N3~ peak gradually separates from the
diamond peak and shifts to a higher frequency [29]. As the pressure increases to 17.5 GPa,
a new peak appears around 1370 cm~!, which may be related to a boron-nitrogen sp?
bonding vibration peak [30-33]. In contrast, no peak splitting or new peaks were observed
in ammonium azide up to a pressure of 85.3 GPa [34]. The peak of N3~ continues to
shift to a higher frequency and decreases in intensity, consistent with the literature [34,35].
Simultaneously, the Raman vibrational peak shifts to a higher frequency with increasing
pressure. At 36.5 GPa, the peak shifts by 40 cm !, to around 1409 cm 1.
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Figure 2. (a) In situ Raman vibrational peak as a function of pressure of the mixture of ammonium
azide and nanoboron powder at room temperature; (b) variation in Raman peaks of boron-nitrogen
sp2 bond (pink and black lines) and N3~ with pressure (green and blue lines).

Upon decompression, as presented in Figure 2a, the vibrational peaks in the Raman
spectrum undergo a red shift. When the pressure drops to 14 GPa, the Raman vibration
of the nitrogen-boron bond disappears, which indicates a reversible reaction between am-
monium azide and nanoboron powder. This phenomenon may be similar to the stripping
process of valence bonds of single-crystal graphite under pressure [22,36]. Figure 2b shows
the changes in Raman shifts of the nitrogen-boron sp? bond (red and black polylines) and
N3~ (green and blue polylines) during the compression and decompression process. The
Raman shift shows nonlinear changes, indicating that ammonium azide may react with
boron to form new products.

3.2. Morphology and Structural Characterizations

To fully understand the room-temperature synthesis of h-BN, we conducted the ex-
periments using a multianvil press with a relatively large sample size. We compressed a
mixture of ammonium azide and nanoboron powder to 28 GPa, which was maintained for
two hours before being recovered to ambient conditions. Figure S3 shows the optical pho-
tographs of the obtained samples. The products obtained at 28 GPa and room temperature
show a brownish-yellow color, while the nano boron powder exhibits a grayish-black color,
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which supports a possible chemical reaction under pressure. As a contrast, the commercial
boron nitride (Figure S3d) exhibits a typical white color. X-ray diffraction (XRD) pattern
analysis was performed on the samples obtained from 28 GPa and room temperature. As
illustrated in Figure 5S4, the black lines correspond to 3-boron (PDF#80-0323), and the red
lines correspond to h-BN (PDF#73-2095). By comparing the XRD patterns of the recovered
samples and (3-boron, the recovered sample is found to exhibit a diffraction peak with sig-
nificant broadening at approximately 26°, as indicated by the dashed box area in Figure S4.
This broadened peak can be attributed to the (002) diffraction peak of h-BN, which is likely
due to the low content of the sample and its poor crystallinity [37,38].

Before the synthesis, the precursor of nanoboron powder shows a lamellar morphology
with a smooth surface (Figure 3a), and the particle size is approximately 100-500 nm. After
compression, the sample presents two typical morphologies according to SEM images. As
shown in Figure 3a—c, the stacking of lamellae and a tubular morphology are presented in
the recovered products. Energy-dispersive X-ray spectroscopy (EDS) was performed on two
regions, and the results are shown in Figure 3d. The size of the lamellae is approximately
a few hundred nanometers. The EDS observation shows that the B:N atomic ratio in this
region is 84.4%:15.6%. The red dashed box shows fine tubular shapes, with burr monomer
sizes of approximately 100 nm. The EDS tests revealed an atomic ratio of 76.7%:23.3% for B
and N in this area.

? s
M Spectrum 5
At%

B 844
N 156

Figure 3. (a) SEM images of nanoboron powder; (b) SEM images at different magnifications of
obtained sample synthesized under 28 GPa at room temperature; (c) different morphologies of
tubular area (red box) and layered areas (blue box); (d) ratio of nitrogen and boron content at different
areas; (e,f) morphology and element content of tubular morphology area (red box) and lamellar
morphology area (yellow box).

The nitrogen content in the region with tubular morphology was significantly higher
than that of the region with the lamellar morphology. These results show that there are no
distinct regions within the acquired samples that contain solely boron. This phenomenon
suggests that the nanoboron particles have been completely integrated with ammonium
azide. Furthermore, the proportion of boron and nitrogen elements varies across different
morphological regions, indicating that the sample is still a mixture. Transmission electron
microscope (TEM) observations show that the tubular morphology region features vesicle
and tubular morphologies (Figure 3e). The size of these structures falls within the range
of 50-100 nm, which is in agreement with the SEM results. The atomic ratio of boron to
nitrogen from TEM-EDS was found to be 47%:53% (Table 1). Therefore, it can be determined
that the material with the tubular morphology is a highly pure form of h-BN [39]. Unlike
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ammonia-borane, the combined precursor of ammonium azide and boron powder does
not have any boron—nitrogen bonding; the generation of h-BN signifies that pressure is
the only factor driving B-N bond formation. The layered morphology of the yellow box
region in Figure 3f shows that the boron to nitrogen ratio in this area is 90%:10% (Table 1),
indicating that most of the flaky material is the unreacted nanoboron powder. The statistics
of the relevant TEM-EDS data are presented in Table S1.

Table 1. Atomic percentage of boron and nitrogen content in different regions in Figure 3ef.

Element Atomic Ratio (Red Area) Atomic Ratio (Yellow Area)
B 46.9 £ 0.8% 90.4 £+ 0.7%
N 53.1 + 0.8% 9.6 £ 0.7%
Total 100% 100%

For a better understanding of the composition and morphology of the obtained sample,
an individual particle was chosen for observation under TEM (Figure 4a). A statistical
analysis on the size of the synthesized sample was performed and the results show that
the average size of the obtained particles is around 0.23 um; the SEM image and statistical
chart are shown in Figure S6. Figure 4a depicts several particles that appear to be stacked
together, with an estimated size of approximately 500 nanometers for these boron particles,
and they are enveloped by the tubular morphology of h-BN on its surface. The particles
feature a core-shell structure with h-BN forming a shell wrapped around the surface of the
boron particle. The tubular morphology of h-BN is densely packed and adhered around
the boron particles, and it has a length of approximately 70 nm and a width of about 27 nm.
The diameter and length statistics of the size of boron nitride were calculated and are
shown in Figures 4a and S5. The average diameter of the tubular boron nitride synthesized
at room temperature is about 26.8 nm, and the average length is about 70.8 nanometers. In
addition, the boron particle area was tested, and the lattice distance of boron was measured
to be 0.44 nm, consistent with the (202) basal plane of 3-boron (Figure 4c). In Figure 4c,
we can see significant differences in the structure of different regions. The morphology
and structure of the synthesized sample could be divided into three typical regions: the
highly crystalline 3-boron region, the amorphous intermediate region, and the h-BN region
with tubular morphology. Under high pressure, ammonium azide gradually infiltrates
boron nanoparticles, destroying the lattices and reacting with the boron to generate h-BN.
The crystalline boron serves both as a skeleton and a reactant, and, based on its unique
morphology, the growth process may be similar to the initial process of boron nitride
nanotubes in traditional methods. [40—-42].

To further understand the structure of the h-BN with a tubular morphology, selected-
area electron diffraction was conducted (as shown in Figure 5a). The weak diffraction
ring suggests the broadening of diffraction peaks, indicating the poor crystallinity of the
generated h-BN. The corresponding lattice spacing is obtained by measuring the distances
from the diffraction ring to the center of the transmission spot. In Figure 5a, the marks
indicate that the lattice distances of the two brightest diffraction rings of about 0.336 nm
and 0.21 nm correspond to the (002) and (110) crystal planes of h-BN. Zooming in on
the vesicle structures, the layered-like structure can be easily observed in Figure 5b. The
vesicle structures consist of approximately 20-25 mono-layers of (002) of h-BN, indicating
that boron reacts with ammonium azide under high pressure and gradually assembles to
produce h-BN with a multilayer tubular morphology. Some areas show a relatively messy
form, which is a chaotic stacking of layered materials (Figure 5c). The lattice distance of the
material is approximately 0.336 nm, which corresponds to the (002) crystal plane of h-BN
(as depicted in Figure 5d).
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Nano boron powder

Hexagonal boron nitride

(ZOZ)B—Boron 4 '

Figure 4. (a) TEM image of obtained sample; (b) TEM image of tubular morphology; (c) TEM image
of two-phase boundary of boron and boron nitride; (d) TEM image of burr-shaped h-BN (Zone 1:
crystal boron; Zone 2: amorphous complex; Zone 3: layered boron nitride).

Electron energy-loss spectroscopy (EELS) mapping was conducted on the synthesized
samples in order to obtain the contents of nitrogen and boron elements. The tubular shape
depicted in Figure 6b exhibits a distinct uniformity in the distribution of boron and ni-
trogen elements. Additionally, from the perspective of color contrast, there appears to be
no discernible segregation of either boron or nitrogen within the structure. Quantitative
analysis was carried out in three different structural regions. A total of five points were
taken from the end of the tube to the boron “core” of the sample particle (Figure 6¢,d). The
nitrogen-to-boron element ratio in the tubular morphology area was about 1:1, revealing
almost constant ratios in different regions with h-BN of a tubular morphology (Figure 6d).
Interestingly, the junction between the tubular and crystal boron particle regions has a
substantially lower content of nitrogen, indicating that this region is a mixture of hexagonal
boron nitride and boron. Combined with the results in Figures 4c and 6b, our results
provide compelling evidence that ammonium azide undergoes a gradual reaction with
crystalline boron, ultimately resulting in the formation of tubular boron nitride. The boron
“core” region contained about 14% nitrogen, which may belong to the amorphous interme-
diate region as shown in Figure 4d. EELS analysis was carried out on commercial h-BN to
enable a better comparison with the obtained sample. Figure S8 depicts that the atomic
proportions of nitrogen and boron are obtained by integrating the red region. Our results
reveal that the atomic ratios of nitrogen and boron are consistent with the particles of
commercial h-BN (Figure S8). In general, h-BN can be synthesized using various methods,
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including traditional high-temperature pyrolysis, chemical vapor deposition, and solvother-
mal methods [43]. The traditional high-temperature pyrolysis method is commonly used
in industrial synthesis and typically results in irregular lamellar morphology. Chemical
vapor deposition and solvothermal methods can produce more regular morphologies, with
triangular or hexagonal shapes and homogeneous lamellar sizes. While the chemical vapor
deposition method can produce high-quality hexagonal boron nitride nanotubes with good
crystallinity, it typically requires a high reaction temperature and the use of catalysts such
as magnesium borate [44]. However, the room temperature and high-pressure synthesis
produces a special tubular morphology that is distinct from traditional methods.

Figure 5. (a) TEM images of high-pressure synthesis of h-BN (tubular morphology structure) and
SAED; (b) images of tubular structure; (c,d) TEM images of h-BN lattice structure.

As a comparison, the mixture of ammonium azide and nano boron powder was also
compressed at 200 °C and 28 GPa, and, as was expected, the morphology of the samples
differs greatly. The samples obtained at room temperature show a tubular morphology,
while the samples obtained at a temperature of 200 °C show a sheet-like morphology.
TEM results show that the obtained samples exhibit a h-BN sheet layer with a smooth
surface (Figure 7a). In comparison to h-BN synthesized at ambient temperature, the h-BN
obtained at 200 °C was well aligned. The SAED reveals multiple bright rings. EDS mapping
confirms the uniform distribution of boron and nitrogen elements. The lattice distances of
different diffraction rings were 0.336 nm, 0.21 nm, and 0.12 nm, corresponding to the (002),
(110), and (100) crystal planes of h-BN, respectively. Figure 7b displays the well-aligned
features of h-BN, indicating that thermal treatments can enhance crystallization. The
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elevated temperature provides significant assistance in enhancing the reaction efficiency.
This is primarily due to the accelerated mass transfer of materials and the promotion of
continuous reactions between nanoboron and ammonium azide. As a result, the lamellar
boron nitride is formed. In contrast, when the mixture of ammonium azide and nanoboron
powder is compressed at room temperature, the reaction becomes localized. This localized
reaction leads to the gradual formation of an isolation layer of h-BN due to compaction,
which hinders further contact between ammonium azide and the internal boron particles.
Consequently, this sequential process ultimately gives rise to the formation of h-BN with a
tubular morphology on the surface of the boron particles.

Spectrum Image]

Element content (at.%)

15 |

0 1 1 L 1
1 2 3 “ 5

position point

L

Figure 6. (a) STEM image of synthesized h-BN at room temperature and 28 GPa; (b) electron energy-
loss spectrum (EELS) mapping of h-BN with tubular morphology (red box area); (¢,d) proportional
distribution of boron and nitrogen elements at different positions (yellow dots on tubular structure
and blue dot on boron area).

The EELS spectra of the precursors and obtained samples were characterized to
understand the bonding (Figure 7f). The precursor of nanoboron powder displays a
prominent characteristic peak of boron (~188 eV) [45]. The absorption peak shows a diffuse
scattering bump, implying an inferior crystallinity of nanoboron powder. No nitrogen
characteristic peak protrusions are observed in the spectra, suggesting that the detected
nitrogen-boron bonds are a result of the reaction between ammonium azide and boron
powder. The EELS peaks’ position of tubular h-BN obtained by room temperature and
lamellar h-BN obtained with temperature assistance are consistent with those of commercial
h-BN. The peaks of the samples match with the commercial h-BN containing typical B-N sp2
bonding, indicating the successful synthesis of sp2-bonded boron nitride under pressure.
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The absorption peaks of the boron element can be sorted from low energy to high energy,
with the 7* bonds (189-195 eV) and o* bonds (195-220 eV) exhibiting absorption. However,
it is noteworthy that the 7 bond absorption peak of the h-BN with a tubular morphology
is significantly higher than those of commercial h-BN and temperature-assisted samples.
This phenomenon can be attributed to the relatively poor crystallinity of the h-BN with a
tubular morphology synthesized at room temperature. The tubular morphology of h-BN
requires a single layer with a certain curvature, leading to the presence of defects within
the monolayer. These defects are characterized by disordered stacking between layers, as
illustrated in Figure 5b [46,47].

N K-edge

BN-28-25

BN-28-200

Intensity

Commercial h-BN

ano boron p()\\'dCl'

1 ) 1 ) 1 . 1 ) 1 . 1 . 1 \
200 240 280 320 360 400 440 480

Energy Loss (eV)

Figure 7. (a—e) STEM images of synthesized h-BN at 200 °C and 28 GPa; (f) electron energy-loss
spectrum (EELS) of different samples.

4. Conclusions

In summary, we demonstrated a method for synthesizing h-BN with a tubular mor-
phology at room temperature. In situ Raman measurements revealed a transition point
of approximately 17.5 GPa for pressure-driven nitrogen-boron sp? bond formation. Ad-
ditionally, a multianvil press was utilized to synthesize h-BN at a pressure of 28 GPa
and ambient temperature. SEM and TEM studies confirmed that the morphology of the
obtained h-BN was tubular, with dimensions ranging from 50 to 100 nanometers. Subse-
quently, high-pressure and thermal treatments were used to obtain crystalline h-BN, which
also confirmed that the mechanism of room temperature compression to synthesize h-BN
is different from that of obtaining samples using high pressure and temperature assistance.
Under 28 GPa and 200 °C, high-crystallinity h-BN was obtained with a micro-size lamellar
morphology. EELS was employed to precisely measure the composition and bonding states
for those samples. The sample synthesized at ambient temperature and high pressure
showed the typical sp>-bonded boron and nitrogen peaks that exactly matched the EELS
spectra of commercial h-BN. These results provide direct evidence that high pressure plays
a crucial role in driving the nitrogen-boron reaction to form chemical bonds.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/cryst13081201/s1, Figure S1: XRD pattern of nanoboron powder.
Figure S2. XRD pattern of ammonium azide. Figure S3. optical photos of samples and precursors.
(a) nano boron powder; (b) sample obtained at 28 GPa and room temperature; (c) sample obtained
at 28 GPa and 200 °C; (d) commercial h-BN. Figure S4. XRD pattern of the sample obtained at
28 GPa room temperature. Figure S5. (a,b) TEM images and size statistics (c,d) of tube-shaped h-BN
for the sample obtained from 28 GPa and room temperature. Figure S6. (a) SEM images and size
statistics (b) of boron paritles for the sample obtained from 28 GPa and room temperature. Figure S7.
(a) Electron energy loss spectrum (EELS) mapping of nano boron powder and (b) commercial h-BN.
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Figure S8. Quantitative analysis of EELS in different segments of commercial h-BN. Table S1.TEM-
EDS results at different areas of sample obtained from 28 GPa and room temperature.
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