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1. Auger Electron
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Introduction

Hydrogen can be stored through physical or chemical
absorption processes, or by chemical reactions within
materials. Physical absorption offers significant
advantages over chemical absorption and chemical
reactions, including high absorption rates, high
release rates, excellent reversibility, and high cycle
stability. However, the absorption capacity of these
materials is usually relatively low. These desirable
characteristics make the design of hydrogen sorbents
based on physical absorption mechanisms promising
yet challenging. Surface properties of the material
such as specific surface area (SSA), pore volume, and
hydrogen adsorption energy are key factors governing
the hydrogen absorption capacity for each physical
sorbent [1]. A higher specific surface area provides
more surface sites for hydrogen molecule adsorption,
while hydrogen adsorption energy indicates the
interaction energy between hydrogen molecules and
the material surface during the hydrogen absorption
process, or in other words, higher absorption capacity
per unit surface area. One important approach in
developing hydrogen storage materials is to strive
for materials with higher specific surface area and
larger open pore volume. However, the limitation in
increasing the specific surface area of a material has
constrained the effect of surface area on absorption
capacity to a surface area of around 3800 m?g.
Nevertheless, comparisons of results obtained from
hydrogen physisorption on carbonaceous materials
indicate that in many cases, carbonaceous materials
with a specific surface area below 1000 m*g can

Accepted: January 18, 2025

exhibit higher hydrogen storage capacity than
materials with a surface area exceeding 3000 m?/g
[2]. Therefore, the focus should be on increasing
the enthalpy of physical adsorption up to 20 kJ/mol,
which theoretically can be achieved by introducing
cooperative bonding, ionization, polarization, and
irradiation to host materials, as well as by considering
the hydrogen spillover effect [3]. Boron nitride is one
of the materials that has been studied experimentally
and computationally for hydrogen storage applications
[4]. Compared to corresponding carbon materials,
nanomaterials based on boron nitride exhibit unique
thermal stability and chemical resistance, which
enhance their recyclability and lifespan [5].

Materials and Methods

The precursor material for synthesizing doped boron
nitride involves using guanidine carbonate (CAS:
593-85-1) as a nitrogen and carbon source, along with
boric acid (CAS: 10043-35-3) as a boron and oxygen
source. The initial materials, with a total weight of
15 grams and a molar ratio of 1:5.1 (boric acid to
guanidine carbonate), were dissolved in deionized
water at a temperature of 80°C. The solution was then
mixed using a magnetic stirrer and subsequently dried
at this temperature. Next, the material was completely
dried at 160°C, and the resulting solid blocks were
ground using a mortar and pestle. These ground blocks
were placed in an aluminum boat within a nitrogen-
hydrogen atmosphere (5% hydrogen, purity 99.99%)
passing through a furnace at a flow rate of 50 mL/min.
The material was heated at temperatures of 1000°C and



1500°C for 3 hours to undergo carbothermal synthesis
of boron nitride. The unreacted boric acid was removed
from the final product through two cycles of washing
with hot water followed by filtration under vacuum.
The product was then prepared for characterization.

Results and Discussion

In Fig. 1, the X-ray diffraction (XRD) pattern and
Raman spectroscopy results for the synthesized
boron nitride at temperatures of 1000°C and 1500°C
are displayed. For the boron nitride synthesized
at 1000°C, the XRD pattern shows peaks
corresponding to the crystalline planes of hexagonal
boron nitride. However, the intensity ratio of the
(002) to (011) peaks in this sample is lower than
the similar ratio in conventional hexagonal boron
nitride with an extended lattice. These observations
suggest that synthesis of boron nitride at 1000°C
may lead to the formation of a phase with a different
crystalline structure or distinctive characteristics
compared to regular hexagonal boron nitride. The
results of Raman spectroscopy analysis on the
sample synthesized at 1000°C show a broad peak
at wavenumber 1338 cm!. The broadening of the
Raman peak indicates the presence of a wide range
of bonds in the synthesized sample, each contributing

Petroleum Research, 2025(April-May), Vol. 35, No. 140

with different bond energies and bond distances,
resulting in various Raman shifts. As a result of the
accumulation of these diverse bonds, a broad peak has
emerged in the Raman spectrum [6].

Fig. 2 displays the results of Fourier Transform
Infrared (FT-IR) spectroscopy and UV-Visible (UV-
Vis) spectroscopy analysis of the boron nitride
synthesized at 1000°C. The FT-IR spectrum analysis
shows absorption bands corresponding to boron-
nitrogen bonds. Multiple peaks are clearly observed
in the infrared spectrum, indicating the presence of
various bonds within the material. The FT-IR spectrum
exhibits peaks associated with bending and stretching
vibrations of nitrogen-boron bonds at wavenumbers
of 800 cm™ and 1350 cm’, along with other peaks
related to carbon and oxygen atoms doped into the
boron nitride structure. The UV-Vis spectrum also
displays peaks with wavelengths in the range of 190-
205 nm. These peaks indicate the presence of a wide
energy gap in the synthesized boron nitride material.
Since the band gap of hexagonal boron nitride is close
to 6.0 eV, the absorption in the UV range signifies a
small change in the band gap energy of the synthesized
boron nitride, calculated to be higher than 6.1 eV for
this material.
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Fig. 1 XRD patterns and Raman spectroscopy of synthesized samples.
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The curve indicated by circles depicts the gas desorbed
upon decreasing relative pressure. From this graph,
the presence of a hysteresis curve of type H3, closely
resembling type H4, can be observed [7]. Such
hysteresis indicates gas adsorption on sheet-like crystal
surfaces with slit-shaped pores. In other words, due to
the non-uniform stacking of boron nitride sheets during
synthesis at a constant temperature, pores resembling
slits have formed between adjacent sheets. While this
structure is partially observable from microscopy
images, nitrogen adsorption and desorption analysis,
which provides precise information about the
material's bulk properties, suggests the potential for
extrapolating microscopy images to the entire material

[8].

Conclusions

In the present research, boron nitride was
successfully synthesized and characterized using
tools such as scanning electron microscopy (SEM),
X-ray photoelectron spectroscopy (XPS), Raman
spectroscopy, and nitrogen adsorption-desorption
analysis. The key results obtained in this study are
listed below:

A) Oxygen and carbon doping using a nitrogen-
hydrogen atmosphere was effectively performed
during the synthesis of boron nitride, enabling in situ
doping.

B) The formation of doped boron nitride structure
and the presence and concentration of oxygen and
carbon dopants within the boron nitride structure were
identified and quantified using precise techniques such
as Raman spectroscopy, Fourier-transform infrared
spectroscopy (FT-IR), and X-ray photoelectron
spectroscopy (XPS). The results indicate that boron
nitride with a surface area of 300 m2/g, accompanied
by oxygen and carbon dopants at atomic percentages
of 16% and 6% respectively, were identified.

C) The authors suggest that increasing the temperature
and adjusting the hydrogen content in the furnace
atmosphere can serve as tools to control the
concentration of dopants within the boron nitride
structure.

These findings demonstrate successful synthesis
and detailed characterization of doped boron
nitride, highlighting the potential of temperature
and atmosphere adjustments for tuning dopant
concentrations in boron nitride structures.
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