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Sulfur-Assisted Synthesis of Highly Porous Macroporous Boron Nitride Materials
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Abstract: Three-dimensional (3D) macroporous boron nitride materials with a certain order of pore arrangements
have been synthesized in the existence of sulfur powders. The as-obtained materials exhibit open macropores with
high specific surface area of 230 m*+g™" and high porosity of 85.6%. Without addition of sulfur disordered 3D
macroporous boron nitride was formed only and its specific surface area and porosity were decreased to 122 m*-
¢ and 73.7%, respectively. Both of the products obtained with and without addition of sulfur show good

oxidation resistance below 800 “C. The formation process and the role of sulfur powders were studied.
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polystyrene (PS) spheres) templating methods!"*"2.
(BN) is a wide band gap M-V

compound with remarkable physical and chemical

0 Introduction
Boron nitride

Recently, as a new porous material, three-
(3DOM) materials

dimensional ordered macroporous properties, for example, high temperature stability,

(pore size ranging from 50 nm to several micrometres)
have been developed"?. Their potential applications
are envisioned in the realms of photonic band gap
(PBG) materials, battery electrodes, catalytic supports,
adsorbents, membranes for separation processes, and
chemical sensors™®”. To date, almost all of the 3DOM
oxides and carbides have been

metals, metal

synthesized by the general colloidal crystal (silica or

e H #1.2011-06-23, W&ok H #1.2011-10-03,

high oxidation and corrosion resistance, high thermal
conductivity, and low dielectric constant. BN particles
with various morphologies, such as tube, wire,
platelet, whisker, sphere have been synthesized by arc
discharge, laser ablation, carbothermal reduction,
template-aided synthesis, chemical vapor deposition,
and co-pyrolysis route!™. The tremendous passion for

porous materials has driven the development of boron
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nitride materials with different porous characteristics.
In last decade, Smith Group™ developed a series of
microporous boron nitride via pyrolysis of polymeric
precursors with different adsorption behaviors towards
CH, and CO,. Moreover, mesoporous boron nitride has
been fabricated using different hard templates such as
CMK-3, CMK-8 or SBA-15 and carbon-template

15-18]

substitution reaction from porous carbon! Sung

et al."™ attempted to prepare 3DOM boron nitride
colloidal

template and failed to obtain the satisfaction results.

using monodisperse silica spheres as

Herein, we report a facile single-source precursor
approach to prepare highly porous macroporous boron
nitride powders. The reaction was carried out in an
autoclave via the pyrolysis of NH,BF, with the
presence of reduced Fe and S powders. Additionally,
the reaction without the presence of S powders was

also performed. Detailed comparison on the structure

and performance of the two products was described.
1 Experimental

All the chemical reagents were of analytical-
(Shanghai Chem. Co.) and were used
without further purification. In a typical experimental

procedure, NH,BF, (50 mmol), Fe (80 mmol) and S

(20 mmol) were mixed into a 25 ml stainless steel

grade purity

autoclave. The autoclave was then sealed and put into
an electric furnace. The temperature of the furnace
was increased from room temperature to 500 °C and
maintained at 500 °C for 20 h. After the autoclave was
cooled to room temperature naturally, the grayish
stirred
vigorously in concentrated hydrochloric acid (3 mol -

L") for 12 h. Then, the solution was washed with

white solid powders were collected and

ethanol and distilled water several times to eliminate
the byproducts. Finally, the product was filtered and
dried in a vacuum at 70 °C for 6 h. To eliminate
residual S powders, the product was infiltrated in
carbon disulfide for 1 h and then filtered. The as-
obtained sample was denoted as BN, (the subscript
“s” represents “sulfur”). For the sake of comparison,
the sample prepared without the presence of S

powders by the same procedure was denoted as BN,

(the subscript “ws” represents “without the presence
of S powders”).

X-ray powder diffraction (XRD) measurements
were carried out using a Bruker D8 advanced X-ray

(Cu Ko radiation of 0.154 18 nm, 40
kV, 40 mA, Ni filter, Scintillation counter). X-ray

diffractometer

Photoelectron Spectroscopy (XPS) measurements were
performed using Perkin-Elmer 5300 X-Ray Photoele-
ctron Spectrometer with monochromatic Al radiation
(A=0.834 12 nm). Scanning electron microscope (SEM)
images were taken with a JEOL JSM-6700F field
emission electron microscope, in which the powders
were directly deposited onto copper discs. High
resolution transmission electron microscopy (HRTEM)
images were recorded on a JEOL-2100 transmission
electron microscope at an acceleration voltage of 200
kV. Nitrogen adsorption isotherms of the materials
were determined using nitrogen in a conventional
volumetric technique to characterize the meso- and/or
micropores of the samples. Prior to the sorption
measurements, the samples were degassed at 573 K
under vacuum for 6 h. A mercury porosimeter (Autopore
IV 9510, Micromeritics) was used to characterize the
Thermal gravimetric

macropores of the samples.

(TGA) was taken on a Mettler Toledo TGA/
SDTA851 thermal analyzer apparatus in following air

analysis

with a temperature ramp of 10 °C-min™.
2 Results and discussion

The powder XRD patterns of the two samples are
shown in Fig.1. Both of them exhibit relatively intense
peaks at 26 =26.7° and 26.6° for BN,, and BN,
respectively, which can be indexed as the (002)
reflection of the hexagonal BN (h-BN). The correspon-
ding dy; spacing for sample BN, and BN, is 0.333 nm
and 0.335 nm, which conform to the dy, spacing for
graphitic boron nitride of 0.333 nm (PDF No.34-
0421). It is noteworthy that both the (002) reflections
of sample BN, and BN,, shift towards lower angles
with simultaneous slight broadening of the peaks (see
the dashed line in Fig.1). This is probably due to
lattice expansion between two adjacent BN slabs along

the c-axis induced by the introduction of strain in the



%3

IV AT L B B R AL B AR R AL A B 603

bent layers®. No characteristic peaks associated with
other crystalline materials were detected in the

patterns suggesting high purity of two samples.
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Fig.1 Typical XRD patterns of sample BN,, and BN,
XPS measurements were implemented to further

interpret the chemical compositions of the as-prepared

macroporous boron nitride materials. From the typical

survey spectra of BN,, and BN, in Fig.2, both of the

Nls Bls 190.5 eV
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Fig.2 XPS spectra of sample (a) BN, and (b) BN,

NONE

two samples contain N and B elements, while C and
O signals can be attributed to the adsorption of CO,,
H,0, or O, on the surface of the samples. The insets
in Fig.2a and Fig.2b show the high-resolution N1s and
Bls spectra. The binding energies centered at 398.2
eV for Nls and 190.5 eV for Bls in BN,, and 398.2
eV for N1s and 190.4 eV for Bls in BN, are in good
agreement with the reported values for h-BN™'.
Morphological observations were conducted using
SEM technique and the resulting images are presented
in Fig.3. Both of the samples show polycrystalline
structures from the SAED patterns (insets in Fig.3c
and 3e). The highly porous and foamed surface of
sample BN,, analogous to wood can be clearly
discerned from Fig.3a ~c. The pore size, however,
estimated from the SEM images, displays a relatively

wide distribution from 400 nm to 1 wm. For sample

Nls Bls 190.4 eV]
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Insets in (c) and (e) show the selected area electron diffraction (SAED) patterns for samples BN, and BN, Insets in (d) and (f) show high reso-

lution SEM images of sample BN,

Fig.3 SEM images for samples (a~c) BN, and (d~f) BN,
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BN,, a quite different pore appearance from BN, is
demonstrated in Fig.3d~e. Almost all of the copious
exhibit

restricted in closed channels

macropores open pore structure either
(inset in Fig.3d) or
interconnected forming 3D open network (Fig.3e). The
pore structure and arrangement resemble somewhat
that of the 3DOM metal oxides or carbon prepared by
colloidal crystal templating method, albeit compara-

tively disordered and nonuniform™>!.

The pore size
mainly ranges from 200 to 400 nm and wall thickness
lies from 20 to 40 nm. In addition, an unexpected
peculiar fishbone-like architecture is found for the
(Fig.3f). Overall,

reduced pore size, increased porosity and more

first time with negligible amount
diversified pore texture make sample BN, more
attractive for wider promising applications.

The detailed pore characters of the samples were
measured by a combination of nitrogen adsorption and
mercury porosimetry. From the obtained nitrogen
adsorption-desorption isotherms in Fig.4a and 4b, both
are close to type- I isotherm with a strong increase in
adsorbed nitrogen volume at relative pressure (p/py)
higher than 0.9, where the adsorption and desorption
branches of the isotherm almost coincide to multilayer
adsorption on a macroporous solid. The similar
isotherms have often been observed in the reported
macroporous materials™"'l Additionally, type H4 hyst-
eresis loops are found in the relative pressure range of
0.3~0.9 for sample BN, and 0.1~0.9 for sample BN,

indicating the presence of textural mesopores within
the wall structure and a pore size distribution exten-

ding to the macropore range'™.

In addition, Hg poros-
imetry was used to evaluate the various pore para-
meters including surface area, pore volume, porosity,
and pore size distribution. The data are summarized
in Table 1. Porosity was calculated by the amount of
intrusion Hg in the macropore®. Fig.4c shows the
pore size distributions measured by mercury porosi-
metry for the as-prepared samples. It can be found
that sample BN, possesses smaller pore size and
narrower pore size distribution but larger pore volume
than those of sample BN,,. This can be interpreted by
the higher porosity of sample BN, as shown in Table
1. Obviously, the addition of S powders is proved to
significantly improve the textural properties of the end
products. Both of the samples exhibit relatively large
surface area volume

and pore comparable to

previously reported microporous and mesoporous
boron nitride materials "8, Therefore, the obtained
materials have great

macroporous boron nitride

advantage on the applications such as gas adsorption
and catalyst supports!"*?,

Thermal stability and oxidation resistance of as-
prepared macroporous boron nitride materials was
estimated by TGA method from room temperature to
1200 °C under flowing air. From the dashed curve for
BN,. in Fig.5, a slight weight loss of ~1.5% is
observed before ~800 °C due to the removal of physi-
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Fig.4 N, adsorption-desorption isotherms for sample (a) BN, and (b) BN, (c) Pore size

distributions measured by mercury porosimetry

Table 1 Pore characteristics of the samples from Hg porosimetry

Sample Porosity / % Surface area / (m?-g™) Pore volume / (cm*-g™) Average pore diameter / nm
BN, 73.7 122 0.32 917.3
BN, 85.6 230 0.46 388.1
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sorbed water or other atmosphere gases. However,
when the temperature keeps increasing from ~800 to
~1 100 °C, the sample BN, undergoes a rapid weight
gain indicating the drastic oxidation of BN into B,0;.
Compared with sample BN,,, the TGA curve of sample
BN, (solid line in Fig.5) exhibits several different
characters. Firstly, the weight loss before oxidation
temperature reaches ~7.3% suggesting larger adsorp-
tion capacity of sample BN, than BN,.. Secondly, the
onset oxidation temperature rises to ~900 “C which is
higher than that of BN,, and other reported boron
nitride materials ™! These distinct features reveal
excellent structural stability against oxidation of
macroporous BN, indicating promising applications at

high temperature and in rigorous environments.
130
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Fig.5 TGA curves of sample BN, (dashed line) and
BN, (solid line)

To understand the formation mechanism of
macroporous boron nitride materials with a certain
order by using S powders as additive, a series of
relevant experiments were carried out through similar
processes. Firstly, the effect of reaction temperature
and time on the formation of macroporous boron
nitride materials was investigated. It is found that
lower temperature than 500 °C could not effectively
initiate the reaction and higher temperatures resulted
in large particles and flakes. Proper reaction time is
also propitious to the formation of macroporous boron
nitride materials and shorter time than 20 h leads to
insufficient crystallization and vesicle-like particles
with few porous structures. Apart from these, iron and
S powders play a critical role in the formation of
macroporous boron nitride materials. The reaction
between NH,BF, and Fe

powders was studied

previously using the same preparation methods and
almost no porous structure was found at that time'®.,
The difference here is that we double the dose of both
the reactants, which leads to floppy macroporous
boron nitride materials (i.e. BN,,). This may indicate
that the formation of porous boron nitride materials
needs larger pressure and more Fe powders which act
not only as catalyst but also as promoter or template
for porous boron nitride materials. Additionally, for
sample BN, when the amount of S powders is

(No.1 and 2 in
Table 2), the as-prepared product is composed mostly

increased to 30 or even 50 mmol

by large vesicles and/or flakes.
During the overall process, several reactions may
be involved as follows:
NH.BF, — BF3(g)+NH,(g)+HF(g)

I
BF;+NH; — BN+3HF Il

~— —

(
(
(
(

2HF+Fe — FelF,+H, 1)
Fe+S — FeS Iv)
It is obvious that the reaction (1) is a key

process for the formation of macroporous BN
materials, which is endothermic and can not be
spontaneous according to the
(AH =116.7 kJ -mol ',
AG =34.6 k] -mol )7, While the reaction (II) is
exothermic  and  thermodynamically  spontaneous

(AH =-153.1 kJ *mol ', AG=-39.4 k] -mol ™), which

greatly promotes the rightward process of the reaction

thermodynamically

thermodynamic calculations

(Il'). The S vapor produced at high temperature
may provide a transient driving force for rolling of the
h-BN layers to form cavities of porous boron nitride
materials . Moreover, sulfur is believed to play a
positive role in promoting the homogeneously mixing
of reactants and in reducing the diffusion barriers,
which leads to more complete reaction and more
uniform morphology in shape and size. However,
detailed information about the role of S powders is

still incomplete and needs further investigation.
3 Conclusions

In conclusion, 3D macroporous boron nitride
materials with a certain order were prepared by using
NHBF, and Fe as reactants and S powders as
additives. It is the auxiliary effect of S powders that
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improves the textural and other properties of as-

prepared macroporous boron nitride materials.
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