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ABSTRACT: Since the recent discovery of the template-free synthesis of porous boron
nitride, research on the synthesis and application of the material has steadily increased.
Nevertheless, the formation mechanism of boron nitride is not yet fully understood.
Especially for the complex precursor decomposition of urea-based turbostratic boron
nitride (t-BN), a profound understanding is still lacking. Therefore, in this publication,
we investigate the influence of different common pre-heating temperatures of 100, 200,
300, and 400 °C on the subsequent properties of t-BN. We show that the structure and
porosity of t-BN can be changed by preheating, where a predominantly mesoporous
material can be obtained. Within these investigations, the sample BN-300/2 depicts the
highest mesopore surface area of 242 m* g~' with a low amount of micropores compared
to other BNs. By thermal gravimetric analysis, X-ray photoelectron spectroscopy, and
Raman spectroscopy, valid details about the formation of intermediates, types of chemical
bonds, and the generation of t-BN are delivered. Hence, we conclude that the formation
of a mesoporous material arises due to a more complete decomposition of the urea precursor by pre-heating.

1. INTRODUCTION decreased crystallinity of the material. Hence, t-BN is
characterized by the absence of order in the third dimension
and therefore is described as a semi-crystalline material.'”
Due to the recent progress in the synthesis of porous t-BN,
high specific surface areas up to 2078 m* g~ can be achieved
that makes the material even more attractive for gas and
wastewater treatment.'® However, in past work of Shankar et
al," it was depicted that especially defect-rich highly
microporous BN exhibits low stability to water, making the
material impractical for a variety of applications. Hence, further
studies on the BN synthesis are required to enable its practical
use in aqueous media. The material can be synthesized using
different routes, both template-assisted and template-free.
Here, the template-free synthesis is more favored due to its
lower number of preparative steps, which leads to a cheaper
and more environmentally friendly approach.”® During
template-free synthesis, a solid boron precursor boron oxide
or boric acid and a solid nitrogen precursors melamine or urea
are often used.””” The precursors are decomposed under a
protective gas atmosphere (e.g,, nitrogen or ammonia) forming
intermediates that later form BN.® For the template-free

During the last few years, there is an increasing interest in
advanced porous materials used in catalysis,"* gas storage,”* or
water purification.”® One of the materials recently added to
that category is hexagonal boron nitride (h-BN).””"” Based on
its morphology and structure, h-BN can be distinguished into
different dimensionalities:'' 1D boron nitride nanotubes, 2D
boron nitride nanosheets, and 3D h-BN. While 1D boron
nitride nanotubes and 2D boron nitride nanosheets'> have
been widely studied, extensive investigations are still lacking for
3D h-BN. The 3D form is isostructural to graphite and
therefore consists of multiple layers stacked ecliptically on top
of each other. These layers are formed by hexagonal rings in
which boron and nitrogen atoms are alternating."”'* Due to
the difference in electronegativity of those two atoms, dipolar
interactions take place between the layers, which results in
equidistant gaps of around 0.333 nm for h-BN."” The
particular structure of the material leads to scientifically
interesting chemical and physical properties, such as high
adsorption aflinity for organic substances, high thermal
conductivity, and thermal stability up to ~1000 °C in

. 11,12,16 .
air. Compared to other porous materials, however,

highly crystalline 3D h-BN has a low specific surface area.'’ Received:  June 27, 2022
Therefore, the synthesis of turbostratic boron nitride (t-BN) is Accepted:  August 16, 2022

particularly studied. Turbostratic BN emerges by a twisting of Published: September 8, 2022

the 3D h-BN layers toward one another during the synthesis.
Through this structural change, small gaps in the size of
micropores arise, which result in increased porosity and
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synthesis, the influence of different synthesis parameters such
as temperature,l7’21 precursor species,zo’21 and gas-flow rate’
has been studied so far. Marchesini et al’® showed the
influence of different solid nitrogen sources (urea, melamine,
and biuret) on the resulting t-BN. In their study, t-BN with
different porosities in dependence of the used nitrogen
precursor and its amount was synthesized. It was hypothesized
that the porosity of BN can be assigned to the gas release of
the solid nitrogen precursors during their decomposition.
While, in the case of melamine, an increasing precursor
amount showed a higher BET area and porosity, the usage of
biuret or urea did not show a linear trend. This observation
was explained by the difference in the decomposition
mechanism of melamine compared to biuret or urea. Melamine
is decomposing in one step (~260 °C), while biuret and urea
are decomposing in two steps. In the case of urea, the material
starts decomposing at ~150 °C to primary cyanuric acid and
biuret.”* Subsequently, the formed intermediates decompose at
higher temperatures to different gases (e.g, CO,, H,0, and
NH,).”

In this study, the influences of different pre-heating
temperatures of 100, 200, 300, and 400 °C and pre-heating
times of 2, 4, 6, and 8 h on the synthesis and subsequent
properties of t-BN are discussed. While pre-heating steps are
commonly known for melamine-based BN,”**™*° a profound
understanding is still lacking for urea-based BN due to its
complex decomposition mechanism (Figure S1). In our work,
urea is chosen as the nitrogen precursor due to its disposition
to form a BN product with a high amount of mesopores. In
previous studies, we were able to conclude that especially
mesoporous BN is more water-stable than microporous BN.
Hence, we elaborated a simple synthesis approach to modify
the porosity of BN to gain a primary mesoporous material by
pre-heating. We aim to observe systematic correlations
between the chosen pre-heating and the resulting crystallinity,
structure, and porosity of t-BN.

In the present synthesis, urea and boric acid are used as
starting precursors. Before heat treatment, both precursors are
homogeneously mixed in a ball mill. The resulting precursor
mixture is heated up via two heating levels to form t-BN. The
obtained t-BN was characterized by X-ray diffraction (XRD),
X-ray photoelectron spectroscopy (XPS), Raman spectroscopy,
scanning electron microscopy (SEM), mercury intrusion, and
nitrogen sorption.

2. EXPERIMENTAL SECTION

2.1. Synthesis of BN. To synthesize t-BN, urea (Alfa
Aesar, 98+%) and boric acid (VWR Chemicals, 99+%) in a
molar ratio of 3:1 were homogeneously ground for S min (450
rpm) using a ball mill (PM 100, Retsch, 450). In the physical
homogenization no significant changes in crystallinity (Figure
S2) and porosity were observed compared to an aqueous
homogenization, as already stated in a previous work.”” The
resulting precursor mixture was transferred to an alumina
combustion boat crucible (length 20 cm, width 3 cm, depth 2
cm) and heated via two heating levels in a tube furnace (ROC
50/610/14, Thermconcept) under a nitrogen atmosphere
(purity of 5.0; flow rate of 150 mL min~"). The first heating
level was varied between 100 and 400 °C and maintained
between 2 and 8 h. After that, the reaction mixture was heated
up further to 1300 °C and maintained for 4 h. During the
synthesis, a constant heating rate of S K min™" was used.
Before removal, the product cooled down to room temperature

while maintaining the nitrogen atmosphere. After synthesis, a
yield of approximately 80% of a flake-like white BN was
obtained. The resulting samples are named BN-T/X, with
“BN” referring to boron nitride, “T” to the temperature of the
pre-heating level, and “X” to the maintained time of the first
heating level in hours.

To investigate BN pre-heating at 300 °C, the prepared
precursor mixture was heated with 5 K min™" to 300 °C and
maintained for 2 h. After that, the mixture was cooled down to
room temperature. During the synthesis, a nitrogen flow of 150
mL min~" was applied.

2.2. Material Characterization. For XRD analysis, a
STOE STADIP (STOE & Cie GmbH) with a Mythen 1 K
detector (DECTRIS) and CuKa radiation (40 kV, 40 mA) was
used. The set step width was 0.2 °26 s™". The evaluation of the
diffractogram was carried out by Match! (Version 3.3.0,
Crystalimpact).

X-ray photoelectron spectroscopy (XPS) used a VG
ESCALAB 220i XL measurement device (Thermo Scientific)
and an Al-anode (12 kV, 20 mA, 240 W) emitting Al-Ka-
radiation. The samples were mounted with a conductive
carbon tape. The pressure during measurement was around
107% mbar, and the measurement range of the electron binding
energy was between 5 and 1205 eV with a step size of 0.5 eV at
a pass energy of 50 eV. For the detailed spectra, a step size of
0.1 eV was chosen and every scan was repeated four times. For
the evaluation of the received spectra, Unifit 2022 was used.”®
Excitation satellites and a suitable background were subtracted.
Peaks were fitted by Voigt profiles.

Raman spectroscopy was carried out with a Renishaw inVia
Raman spectrometer equipped with a Leica DMI 3000
inverted microscope. To the spectrometer, a CCD camera
was attached. As a diode laser source, a Renishaw HPNIR laser
(785 nm, 15 W) was used. Additionally, a Cobolt CW DPSS
laser (500 mV CW, 45 W) with a 532 or 785 nm laser source
was applied.

Morphology was characterized by SEM (Nova NanoLab200,
FEI Company) at a voltage of 10—15 kV. The distance of the
electron gun to the sample was approximately 5 mm. Before
measurement, the samples were sputtered with gold. An
Everhart—Thornley detector was used.

Characterization of the pore system of the BN materials
followed procedures developed for activated carbons.”

Mercury intrusion measurements were used to measure the
cumulative pore volume of the macropores. For the measure-
ment, Pascal 140 and Pascal 440 (Porotec) were used. In
Pascal 140, the samples were evacuated to 0.2 mbar and then
filled with mercury. In Pascal 440, the intrusion measurement
up to 400 MPa at room temperature was carried out. The
contact angle of mercury was set to 140° and the surface
tension to 0.48 N m™".

Nitrogen adsorption isotherms were measured at 77 K using
an autosorb iQ3 (Quantachrome Instruments). Before the
measurements, the samples were outgassed under vacuum for
at least 4 up to 6 h at 150 °C. To ensure completion of
outgassing, the pressure increase had to be less than 25 mTorr
min~". The specific surface areas were determined with the
method of Brunauer—Emmet—Teller (BET)>" according to
DIN ISO 9277.°" The specific mesoporous surface areas
(MSA) were determined by using the method of Barrett,
Joyner, and Halenda’” according to DIN 66134." The
micropore surface areas were determined by using the t-
method of Lippens® according to DIN 66135, where the
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BET area was subtracted from the external surface area. All
surface areas were calculated by a mean of at least three
reproductions.

The chemical decomposition of urea powder (<63 ym) was
investigated by thermogravimetric analysis (TG). As a
measuring device, a STA 449 F3 Jupiter (Netsch) was used.
For the measurement, approximately 25 mg of the powder was
heated in a corundum crucible from room temperature to
500 °C in a nitrogen atmosphere. A heating rate of S K min™"
was used. In some cases, a specific temperature was held for a
certain time before heating to 500 °C.

3. RESULTS AND DISCUSSION

Four different pre-heating temperatures that are close to or
within the decomposition range of the precursors were used.
Here, 100, 200, 300, and 400 °C were chosen because they are
commonly known from previous works of melamine-based
BN.”**7%° The sample BN-100/2 is pre-heated before any
decomposition should occur. The samples BN-200/2 and BN-
300/2 are pre-heated within the precursor decomposition of
urea and boric acid, and BN-400/2 is pre-heated after the
nitrogen precursor is entirely decomposed.

The influence of the pre-heating temperature on the
crystallinity of the materials was studied using XRD. As
observed in Figure 1, all diffractograms display two broad

BN-400/2
il ol L L sl L ) ki
e el

M mw h w BN-300/2

_ BN-200/2

rel. intensity

BN-100/2

20 30 40 50 60 70 80
20/°

Figure 1. XRD patterns of BN samples synthesized at 1300 °C for 4 h
with different pre-heating temperatures from 100 to 400 °C.

reflexes at 26 = 26 and 43°, and the reflexes can be assigned to
the (002) and (10) planes of h-BN.'”*” Due to the broadness
of the reflexes, it cannot be proposed that the material is h-BN.
Nevertheless, the synthesis of t-BN is detected. By comparing
the reflexes of the samples, only slight changes are observable.
Therefore, it can be concluded that the pre-heating temper-
ature has no significant impact on the crystallinity of BN. XPS
analysis was used to further investigate the chemical
composition and purity of the synthesized t-BN. Figure 2
shows exemplary spectra based on the sample BN-300/2 as no
significant differences were observed in dependence on the
pre-heating conditions. In Figure 2a, a survey scan spectrum is
displayed, revealing only the presence of oxygen, nitrogen,
carbon, and boron. The presence of the C 1s and O 1s signals
can be attributed to precursor residues from the reaction or
adsorbed carbon oxides on the material. The in-depth B 1s and
N Is spectra of BN-300/2 are shown in Figure 2b and Figure

2¢, respectively. In the B 1s spectrum, two main contributions
at binding energies of ~193.1 and ~191.1 eV were obtained.
The contribution at the lower binding energy is assigned to B—
N and the other one at higher binding energy to B—O. The B—
O signal can be explained by the partial decomposition of BN
to boron oxide in the presence of water vapor in humid air or
by unused boron oxide from the reaction, which is formed
during the reaction from dehydrated boric acid. In the N 1s
spectrum, the contribution at ~398.7 eV is attributed to B—N
and the contribution at ~396.8 eV to a B—N defect
structure.”® In both spectra, a shake-up satellite can be
observed that may arise by the formation of B—N double
bonds within the hexagonal structure of the material.”” In
addition to XPS analysis, Raman spectroscopy was performed.
As shown in Figure 2d, the sample depicts a single band at
1375 cm™!, which can be attributed to the E,, mode of h-BN.*
Other bands could not be observed in the Raman spectrum. By
comparing the results received from the XPS and Raman
spectra, a successful synthesis of BN with a low amount of
impurities (e.g., boron oxide) is proven.

To characterize changes in the morphology of the samples,
scanning electron microscopy was used. The samples BN-100/
2 (Figure 3a) and BN-400/2 (Figure 3e) exhibit a flake-like
morphology as typically displayed by urea-based boron nitride.
The samples pre-heated at 200 and 300 °C show a different
structure. In both materials, a primarily plain surface can be
observed, which is crisscrossed by tubular cracks. As seen in
Figure 3b,c, the surfaces are created by stacking of multiple
boron nitride flakes that partially show up. Additionally, the
sample BN-300/2 shows a second type of morphology (Figure
3d) with many foam-like pores. Similar foam-like pores have
been reported by Marchesini et al.*’ for urea-rich samples. The
change in the morphology compared to the commonly
received BN structure (e.g., BN-100/2 and BN-400/2) can
be explained by the precursor decomposition and the release of
intermediates during the synthesis. To investigate the influence
of the urea decomposition on the later structure further, TG
measurements in the range of 20—500 °C (5 K min™') in a
nitrogen atmosphere were carried out. In Figure 4a, a complete
decomposition of urea is displayed. As already mentioned, urea
decomposes in two steps. Figure 4a indicates the first
decomposition step in the range of 150—-230 °C with a
remaining mass of ~44% at the end of the first step. The lost
mass can be attributed to the loss of ammonia and cyanic acid
during the formation of, e.g, cyanuric acid, melamine, and
biuret from urea (Figure S1).* After that, the second
decomposition step in the range of 300—375 °C occurs with
only ~6% of the initial mass left. In the second step, it is
assumed that, during the decomposition, various gases are
produced.”® Above 375 °C, the leftover residuals start to
decompose until ~450 °C where the material is completely
decomposed with less than 1% mass remaining. The impact of
an additional pre-heating step during the urea decomposition
is shown in Figure 4b,c. In Figure 4b, the temperature was
maintained for 2 h at 200 °C, which led to a remaining mass of
~46% at the end of the heating step. It is expected that, during
the reaction, a melt of boron oxide and the decomposed urea
residuals is formed above 170 °C. Therefore, by maintaining
the temperature at 200 °C, a more homogenized reaction
mixture at the given temperature is achieved. Additionally, the
formed gaseous decomposition products are released more
gently from the reaction melt, resulting in cracks and a more
layered structure in the subsequently formed BN (Figure 3b).

https://doi.org/10.1021/acsomega.2c04003
ACS Omega 2022, 7, 33375—-33384


https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c04003/suppl_file/ao2c04003_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04003?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04003?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04003?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04003?fig=fig1&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c04003?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega http://pubs.acs.org/journal/acsodf
N 1s
BN-300/2 (a) B 1s (b)
spectrum
sum curve
. ) —B-N
=1 =
: e Bt;ok tellit
= O1s -~ shake-up satellite
2 2
2] 17
c c
] 2
£ B1s £
C1s
O2s
T T T T T T T T T T T T T
600 500 400 300 200 100 0 207 204 201 198 195 192 189 186 183 180
binding energy / eV binding energy / eV
1375
NTe (c) (d)
spectrum
sum curve
X —B-N
2 defective B-N =
© ; L
~ shake-up satellite -~
£ z
< 2
2 o
£ c
e\
T T T T L} T T T T
415 410 405 400 395 390 600 800 1000 1200 1400 1600

binding energy / eV

Raman shift / cm™

Figure 2. XPS analysis and Raman spectrum of the sample BN-300/2. (a) XPS survey scan spectrum in the range of 0—600 eV. (b) B 1s spectrum.
(c) N 1s spectrum. (d) Raman spectrum in the range of 500—1600 cm™".

Figure 3. SEM measurements of BN samples pre-heated by (a) 100
°C, (b) 200 °C (¢, d) 300 °C, and (e) 400 °C and calcinated at 1300
°C. In the sample BN-300/2, two structures were found. Scale bars
are 20 ym.

Therefore, the material synthesized with a pre-heating
temperature of 200 °C shows a low amount of macropores.
The influence of the pre-heating temperature at 300 °C (2 h)

33378

is shown in Figure 4c. As it can be observed, the introduction
of a pre-heating step at 300 °C leads to nearly complete
decomposition of urea with only ~9% of the initial mass
remaining. As already discussed in the second decomposition
step, primarily small gaseous molecules are formed. By
releasing these gases from the reaction mixture, the observed
vascular foam-like macropores (Figure 3d) are created.

The pore size distribution of the pre-heated samples in the
range of 10—10,000 nm was measured by mercury intrusion.
As observed in mercury intrusion, the pores in all samples are
distributed over a wide range (Figure S). By comparing the
cumulative pore volume, it is noticeable that the samples BN-
100/2 and BN-400/2 show a similar pore size distribution with
no measurable macropores above ~3000 nm. In addition, both
samples have high cumulative pore volumes with 0.67 cm® g™
(BN-100/2) and 0.73 cm® g' (BN-400/2). Due to the
mercury intrusion results, it can be assumed that the flake-like
structure of the samples leads to similar pore size distributions
for the macropores and mesopores. Meanwhile, the sample
BN-200/2, which has a stacked structure, shows a low
cumulative pore volume of 0.36 cm® g™'. It is expected that
the macropores formed within the material arise due to cracks
in the structure as observed by SEM measurements. In general,
it can be assumed that a pre-heating at 200 °C leads to a
formation of BN with low porosity. For the sample BN-300/2,
also, no particular pore size distribution could be measured,
but the sample exhibits a higher cumulative pore volume
(0.56 cm® g7') than the sample pre-heated at 200 °C. This
indicates that, despite a similar stacked structure, the formation
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and (d) 400 °C.

of the foam pores increases the porosity of the material. To
analyze the formation of micropores and smaller mesopores
within the material, nitrogen adsorption measurements are
used.

The nitrogen sorption isotherms of the four samples pre-
heated from 100 to 400 °C are shown in Figure 6. All samples
display a similar shape with a steep increase at a low relative
pressure followed by a linear to slightly curved ascend, up to a
relative pressure of p p,”' = 0.8. With a further increase in
relative pressure, the steepness of the isotherms increases until
a final inflection point is reached at p p,~" = 1. The desorption
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branches show a sharp decrease at a relative pressure of p p, ™"
= 0.5. According to the International Union of Pure and
Applied Chemistry (IUPAC) classifications,”’ the isotherms
can be classified as type IV(a), which indicates a mesoporous
structure. The plateau at high relative pressure is being reduced
to an inflection point. The hysteresis loops seem to be a Type
HS hysteresis, which indicates the presence of partially blocked
mesopores. The shapes of the isotherms are only slightly
influenced by the different heating temperatures. Main
differences can be found in the bend after the initial filling of
the micropores and at high relative pressure. The samples BN-
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Figure 6. Nitrogen adsorption isotherms of materials with varying
pre-heating temperatures between 100 and 400 °C after calcination at
1300 °C.

200/2 and BN-300/2 display a sharper bend, which indicates a
complete micropore filling with a very narrow transition region
to mesopore adsorption. The other two samples display a less
sharp bend. This indicates an overlapping of adsorption in the
larger micropores and smaller mesopores for the samples BN-
100/2 and BN-400/2. By comparing the adsorption capacities
of all samples, a decrease with an increasing pre-heating
temperature from 100 to 300 °C can be seen. After that, the
adsorption capacity increases again at a pre-heating temper-
ature of 400 °C. In addition, the plateau of the hysteresis loop
gets more pronounced up to a pre-heating temperature of 300
°C, indicating partly blocked mesopores. It is supposed that
pore blocking occurs due to the formation of a smooth, closed
surface, which can be observed in the SEM images.
Reichenbach et al.** concluded that Type IV(a) isotherms
with HS-hysteresis loops are attributed to evaporation from
blocked and unblocked larger pores at high relative pressures
and cavitation inside bottle-shaped pores with narrow
bottlenecks, e.g, micropores, at low relative pressures. In
Table 1, the mean BET surface areas and the mean mesopore
surface areas of the samples are presented. BN-300/2 exhibits
the lowest BET area with 281 m* g~' and BN-400/2 the
highest with 534 m? g_l. Compared to the BET area, the
mesopore surface area does not vary as much in between the
four samples, ranging from 292 m* g~' for BN-200/2 to 192
m?® g~' for BN-400/2. This indicates that most of the changes
in the pore volume seem to appear in the range of micropores
and smaller mesopores. In comparison to the SEM images
presented in Figure 3, similar conclusions can be drawn.

Therefore, it can be assumed that, with a pre-heating in the
range of 200—300 °C, a template-free synthesis of a purely
mesoporous material is possible, which could lead to a higher
chemical stability of BN.

As shown by the present results, the pre-heating temperature
has a significant impact on the morphology and pore structure
of BN. A temperature within the precursor decomposition
range (e.g,, 200 and 300 °C) leads to extensive changes in its
properties, whereas a pre-heating temperature below these
decomposition steps (e.g., 100 °C) or above (e.g.,, 400 °C) has
a negligible influence on the material. In the course of this,
especially the morphology and pore structure of the resulting
BN changes to a denser packed structure with a lower BET
surface area. Interestingly, the mesoporous surface area of the
materials remained nearly constant. Hence, a pre-heating of
urea-based BN at 200—300 °C could lead to solely
mesoporous t-BN. Here, the sample BN-300/2 showed,
despite a smaller mesopore surface area, a significantly lower
micropore surface area and thus a higher amount of mesopores
in the material. In addition, the sample did show an interesting
foam-like morphology, which is expected to arise by a gas
release from the reaction melt during the second urea
decomposition step. To further investigate the influence of
the pre-heating step at 300 °C, the time of the pre-heated
sample has been varied between 2 and 8 h.

The changes in the crystallinity due to the different pre-
heating times are examined by XRD. By comparing the
received XRD diffractograms in Figure 7, it can be seen that,

BN-300/8
e

BN-300/6]

rel. intensity

BN-300/4

20 30 40 50

20/°
Figure 7. XRD patterns of BN samples synthesized at 1300 °C with

different pre-heating times between 2 and 8 h at a pre-heating
temperature of 300 °C.

Table 1. Arithmetic Means of the BET, Mesoporous Surface Area, and Microporous Surface Area for All Samples”

sample mean BET surface area (m* g™')
BN-100/2 405
BN-200/2 354
BN-300/2 281
BN-400/2 534
BN-300/4 467
BN-300/6 399
BN-300/8 296

“The means are determined from at least three reproductions.

mean mesoporous surface area (m* g™')
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mean microporous surface area (m* g™')

224 263
292 194
242 97

192 393
230 274
240 229
216 112
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Figure 8. XPS analysis and Raman spectrum of the precursor mixture of boric acid and urea heated at 300 °C for 2 h in a nitrogen flow prior to

analysis. (a) B 1s spectrum. (b) N 1s spectrum. (c) C 1s spectrum. (d) Raman spectrum in the range of 500—1600 cm™.

1

with increasing pre-heating time, the width of the BN reflexes
decreases, and the reflex intensity increases. This suggests that
samples synthesized with a longer pre-heating time are more
crystalline. Based on the spectroscopic results, two possible
reasons for the higher crystallinity due to the longer pre-
heating time can be assumed: On the one hand, there may be
an increased formation and growth of BN crystallization nuclei
at 300 °C,* and on the other hand, we propose the reduction
of defects in the material by a more complete release of
impurities from the reaction mixture. So far, the synthesis of
BN at 220—300 °C has been reported by Hubaéek et al.** and
Wu et al.*® Hubaéek et al. synthesized t-BN at 220 °C in
vacuum using different boric acid to urea ratios. Wu et al. used
boric acid, urea, and ammonium tungstate hydrate as
precursors. The BN formation was concluded at 300 °C in a
nitrogen atmosphere. In both publications, the successful BN
formation was identified by XRD. To check if, in the present
work, a BN formation starts at 300 °C, XPS and Raman
spectroscopy were used because those methods are more
suitable to detect t-BN. In Figure 8a and Figure 8b, the
received B 1s and N 1s spectra from the XPS analysis are
shown, respectively. The B 1s spectrum shows three signals
and a shake-up satellite. The contribution at ~193.1 eV is
attributed to a B—O signal, the contribution at ~192.3 eV to
an O—B—N signal, and the contribution at ~191.1 eV to a B—
N signal. In the N 1s spectrum, a shake-up satellite, an O=C—
N—H signal at ~400.7 eV, and a B—N signal at ~398.7 eV are
observed. Additionally, a signal at ~399.5 eV arises that can be
attributed either to O—B—N or C=N.** By comparing both
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spectra, the presence of boron oxide (B—O signal) and a
HN=BOH species (O—B—N signal) that are present in the
formation of a urea-based BN is detected.” It is also assumed
that the found shake-up satellite emerges by the double bond
present in the HN=BOH species and not by BN due to the
intensity of the signals. By comparing the quantification of the
B—N signal from the B 1s and N 1s spectra, a ratio of 1:1 is
achieved, proving the accuracy of the XPS analysis (Table S1).
In Figure 8¢, the C 1s spectrum is shown. In the spectrum, a
C—C signal at ~285.0 eV, a C=N signal at ~287.6 eV, and an
O=C—N-H signal at ~289.7 eV can be found. Also, a signal
at ~281.3 eV resulting from the used carbon tape arises. The
signals received in the C 1s spectrum are assigned to the
products formed by the urea decomposition. XPS analysis
implies the start of the formation of BN due to the presence of
the B—N and O—B—N signals. This assumption is supported
by the presence of a broad band around 1370 cm™ in the
Raman spectrum (Figure 8d), which is presumably BN. The
spectrum shows a wide range of bands between 500 and 1600
cm™!. The bands at 511, 891, and 1150 cm™ can be attributed
to boric acid.*® It is assumed that the observed boric acid
bands suggest the presence of boron oxide in the reaction
mixture due to the rapid reaction of boron oxide to boric acid
in air.*” The remaining bands are affiliated to the
decomposition products of urea (i.e., cyanuric acid and
melamine presumably).***” Based on the results of the XPS
and Raman spectra, the beginning of the BN formation in the
range of 300 °C can be confirmed. Therefore, it is assumed
that the changes in the crystallinity within the samples BN-
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300/2 to BN-300/8 (Figure 7) arise due to an enhanced
crystallization of BN with a longer pre-heating time leading to
fewer defects within the structure of the material. Hence, by
extending the pre-heating time at 300 °C, the crystallinity of
the formed BN product is increased.

To observe changes in the morphology of the samples
synthesized with different pre-heating times, SEM measure-
ments were used. As shown in SEM images, the foam-like
structure that was spotted in the sample BN-300/2 remained
in all samples independent from the pre-heating time (Figure
S3). Nitrogen adsorption data and the specific surfaces of the
samples with varying heating times are presented in Figure 9
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Figure 9. Nitrogen adsorption isotherms after calcination at 1300 °C
with 300 °C preheating for 2, 4, 6, and 8 h.

and Table 1, respectively. The general shape of the isotherms is
identical to the isotherms discussed above. The BET surface
area increases from 2 to 4 h of pre-heating from 281 to
467 m? g_l. By extending the pre-heating time, the BET
surface area decreases again to 296 m* g~' at 8 h. The initial
increase in surface area from 2 to 4 h of pre-heating time can
be attributed to the incomplete reaction between the
precursors in the melt after 2 h, which leads to the formation
of additional pores until 4 h. The loss of BET surface area
afterward results from the increasing crystallinity of the
material and the formation of non-porous h-BN. Despite the
changes in the BET area, the mesoporous surface areas of all
samples are nearly constant, ranging from 216 m* g~' (BN-
300/8) to 242 m* ¢! (BN-300/2). Therefore, the pre-heating
time as well as the temperature mainly affects the micropore
structure of BN. Again, blocked mesopores of a HS hysteresis
loop might originate from the formation of a smooth surface in
the foam-like structures. By the variation of the pre-heating
time at 300 °C, the crystallinity and the BET surface area of
the resulting products have been modified. Therefore, a longer
pre-heating time leads to a more crystalline material. An
increase in the crystallinity was assumed by the longer
crystallization time of BN and fewer impurities in the reaction
melt, which result in fewer structural defects in the subsequent
material. In addition, it was shown that, depending on the pre-
heating time, different BET areas with similar mesopore
surface areas were received. Hence, by changing the pre-
heating time at 300 °C, the crystallinity and the BET of BN

can be adjusted while almost maintaining the mesopore surface
area.

4. CONCLUSIONS

In the present work, we investigated the properties of urea-
based t-BN in dependence of different pre-heating steps with
various common analytical methods. It was shown that, by
varying the pre-heating temperature, the pore structure of BN
can be modified. Samples pre-heated at 200 or 300 °C
displayed extensive changes in morphology, where a denser
structure with a lower cumulative pore volume and BET area
was formed. Moreover, those samples showed no reduction in
the mesopore surface areas compared to the samples BN-100/
2 and BN-400/2. Therefore, the changes in the BET area are
primarily driven by changes in the range of micropores and
smaller mesopores. Thus, the synthesis with pre-heating in the
range of 200—300 °C can be used to produce primarily
mesoporous BN, which could be a solution to synthesize a
more water-stable material in later studies. By investigating the
pre-heating time at 300 °C, we depicted an increase in the
crystallinity of BN with a longer pre-heating step. With the aid
of XPS and Raman spectroscopy, it was concluded that the
higher crystallinity might result from a longer crystallization
time of the material or lesser impurities, which lead to lesser
defects in the structure.
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