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ncement of nitrogen gas by
atomically heterogeneous nanospace of boron
nitride†

Jun Kimura,a Takahiro Ohkubo, *a Yuta Nishina, b Koki Urita c

and Yasushige Kuroda a

In this study, porous boron nitride (p-BN) with hexagonal phase boron nitride (h-BN) pore walls was

synthesized using high-temperature calcination. Negligible variation in pore-wall structure can be

observed in powder X-ray diffraction (XRD) profiles and infrared (IR) spectra. However, a highly stable p-

BN with a stable pore structure even at 973 K under the oxidative conditions is obtained when

synthesized at higher than 1573 K under nitrogen gas flow. For p-BN, this stability is obtained by

generating h-BN microcrystals. Nitrogen adsorption–desorption isotherms at 77 K provide type-IV

features and typical adsorption–desorption hysteresis, which suggests micropore and mesopore

formation. Moreover, adsorption–desorption isotherms of Ar at 87 K are measured and compared with

those of nitrogen. The relative adsorbed amount of nitrogen (i.e., the amount of nitrogen normalized by

that of Ar at each relative pressure or adsorption potential value) on p-BN is considerably larger than that

on microporous carbon at low-pressure regions, which suggests the existence of strong adsorption sites

on the p-BN surface. In fact, the relative number of adsorbed nitrogen molecules to that of Ar on p-BN

is, at most, 150%–200% larger than that on microporous carbon for the same adsorption potential state.

Furthermore, additional adsorption enhancement to nitrogen between P/P0 ¼ 10�5 and 10�3 can be

observed for p-BN treated at 1673 K, which suggests the uniformly adsorbed layer formation of nitrogen

molecules in the vicinity of a basal planar surface. Thus, unlike typical nanoporous sp2 carbons, p-BN

materials have the potential to enhance adsorption for certain gas species because of their unique

surface state.
Introduction

Many studies have examined the latent and outstanding prop-
erties of nanoporous materials. This is because the nano-
ordered space fabricated by solids can provide unprecedented
states of restricted molecules and ions that cannot be observed
in any bulk phases. Many properties stemming from the
connement of molecules and ions in such quite narrow space
involve potential abilities to shed light on the way to solve many
issues for research elds like energy storage, purication, and
separation. Thus, porous materials are oen examined because
ol of Natural Science and Technology,
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of their excellent functions as adsorbents and catalysts. These
materials include carbon nanotubes,1,2 zeolites,3 and metal–
organic frameworks.4–8 Their specic pore geometry and surface
activities can generate distinct chemical properties.

The outstanding physical and chemical properties of boron
nitride (BN) have been identied alongside carbon materials.
Although a BN unit is isoelectronic with a carbon–carbon (i.e.,
CC) unit and certain solid-phase forms of BN are similar to
carbon structures, most of its properties, such as colour, electric
conductivity, and oxidation reactions, are different. Due to
these characteristic properties, studies to develop synthetic
routes of BN have been attempted because of its difficulty in
yielding large-sized crystals. For instance, wafer-scale 2D single
crystals of hexagonal phase BN (h-BN) have been synthesized on
the surface of metal species such as Cu to develop electronic
devices.9 In addition, anomalous BN materials have interesting
properties. Studies have reported amorphous phase BN with
a low dielectric constant.10 Furthermore, studies suggest that
catalytic reactions can be initiated on the BN surface.11,12 Such
unprecedented properties of BN have been led by lots of
attempts to develop new synthetic routes.13–15 Based on these
efforts, porous BN (p-BN) materials have been identied as
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Normalized powder XRD profiles of p-BN-1473 (green), p-BN-
1573 (blue) and p-BN-1673 (red).
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prominent porous materials because of their fascinating
performances.16–24 An interesting study was published by
Shankar et al. who insisted that p-BN can adsorb a relatively
large amount of CO2 at room temperature and reduce CO2 to CO
under light-irradiated conditions.25 Because of this informa-
tion, it is evident that p-BN materials are promising as novel
adsorbents and catalysts.

Gas adsorption data can be used to obtain the characteristics
of solid materials. In particular, dinitrogen (N2) adsorption
isotherms at its boiling point temperature have been applied to
identify surface and pore structure such as specic surface area,
pore volume, and pore-size distribution (PSD). A number of
researchers examined the surface and pore structure of solid
materials by analysing the adsorption isotherms of N2. In many
cases, N2 is themost probable candidate to determine the surface
and pore structure because it is the most common gas species
with minimal specic interactions for various types of solid
materials. Indeed, for explaining surface and pore structure,
minimal specic interaction between a gas molecule and a solid
surface is indispensable. Furthermore, when the close-packed
monolayer of the gas molecules is assumed to have formed,
analytical values such as specic surface area can be resolved by
the adsorbed amount. In addition to N2, noble gases are themost
suitable gas species for analysing solid materials, of which Ar is
optimal because of its moderate polarizability, which ensures
appropriate formation of surface monolayer. Furthermore,
similar to N2, Ar is relatively inexpensive. Actually, Neimark et al.
reported that PSDs of someMCM-41-type adsorbents obtained by
N2 isotherms at 77 K are in good agreement with those obtained
by Ar isotherms at 87 K.26 The report strongly supports that it has
no trouble on the selection between N2 and Ar to analyse the pore
structure of mesoporous silica materials. As a probe gas species
for surface and pore analyses, Ar is not as popular as N2; however,
in some cases, it can provide more accurate values for specic
surface area and pore volume.27,28 This is because Ar is a mon-
oatomic molecule that is perfectly spherical; it has no special
interactions other than dispersion force. For analysing micro-
porous carbon materials, the adsorption isotherms of Ar can
provide more accurate parameters compared to N2.29 Accord-
ingly, although N2 is commonly used because of its simplicity in
handling and procurement, it is not a perfect probe molecule for
analysing specic surface area or pore structure. Especially, any
solid materials having an atomically heterogeneous surface have
a possibility to powerfully adsorb gas molecules other than noble
gases due to a relatively stronger interaction than the dispersion
force. In this study, we discuss the specic properties of p-BN for
N2 adsorption by comparing the experimental results of both Ar
isotherms and microporous carbon adsorbents having the
isoelectronic pore wall to BN.

Results and discussion
Structure and surface chemistry of porous boron nitride

Before examining the adsorption characteristics of p-BN, the
fundamental features were elucidated such as structure and
surface chemistry. Fig. 1 shows the powder X-ray diffraction
(XRD) proles of p-BN obtained at 1473, 1573, and 1673 K,
© 2021 The Author(s). Published by the Royal Society of Chemistry
which are called p-BN-1473, p-BN-1573, and p-BN-1673,
respectively. The proles shown in Fig. 1 were normalized to
t the data of p-BN-1673 over 2q > 80�. This procedure is based
on the principle that X-ray scattering intensity can be normal-
ized to electron units, which is a function of the total number of
electrons in the material in question.30 In other words, for the
wide-angle region in XRD proles, the scattering intensities of
different samples with the same chemical composition can be
standardized. In fact, Fig. 1 shows the normalized proles,
which were obtained from the raw data (Fig. S1, ESI†) by
multiplying p-BN-1473 and p-BN-1573 by 0.94 and 1.12,
respectively. All proles have broad diffraction bands at (002)
and (100) reections,21 indicating the formation of amorphous
p-BN. Of these three samples, p-BN-1673 has the most ordered
structure with respect to stacking and in-plane directions
because of sharper (002) and (100) band proles. In addition to
XRD proles, the formation of the BN framework is supported
by infrared (IR) spectra. The IR spectra of all p-BN samples are
identical, as shown in Fig. S2 (ESI).† The bands at �1400 and
800 cm�1 can be assigned to the in-plane (E1u) and out-of-plane
(A2u) modes of h-BN.31 Thus, the synthesized compounds were
entirely amorphous phase BN composed of h-BN microcrystals.

For better understanding of p-BN structure, we took high-
resolution transmission electron microscopy (HR-TEM) and
scanning transmission electron microscopy (STEM) images.
The structural images of p-BN-1673 are shown in Fig. 2. The
sample is constructed by curved sheets stacking a few layers and
nanometre-scale pores formed in between the sheets as shown
in Fig. 2a. Such pores are clearly observed in the STEM image
depicted in Fig. 2b. Although micropores are hard to be
observed due to its complicated and amorphous structure,
mesopores are certainly formed. The disordering of the BN
frameworks observed in the image is well consistent with the
broadened (002) prole of p-BN-1673 in the XRD results shown
in Fig. 1. The pore formation will be discussed in the latter
section by using gas adsorption–desorption results.
RSC Adv., 2021, 11, 838–846 | 839
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Fig. 2 (a) HR-TEM and (b) STEM images of p-BN-1673.

Fig. 3 TG curves of (a) p-BN-1473, (b) p-BN-1573, (c) p-BN-1673 and
(d) h-BN.
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Although the p-BN samples have similar structures, differ-
ences can be observed in the oxidation stability due to differ-
ences in surface chemistry. Fig. 3 shows thermogravimetric (TG)
curves of p-BN and crystalline h-BN under atmospheric condi-
tions. As expected, h-BN is stable against oxidation up to 1173 K
because no deviations can be observed from the origin in the TG
curve as shown in Fig. 3d. All TG curves for p-BN have similar
inclinations: steep drop-off prior to 373 K followed by a gradual
decline until a sharp increase to <1000 K. The decrease under
373 K and the sharp increase over 1000 K are considered as the
desorption of pre-adsorbed water on p-BN and the oxidation
process of the BN framework, respectively. Here, we can easily
observe that the starting temperature of oxidation increases
with increase in the heat-treatment temperature from 1473 to
1673 K. This suggests that the oxidation stability of the BN
framework increases with an increase in the heat treatment
temperature. As shown in Fig. S3 and S4 (ESI),† a boron oxide
840 | RSC Adv., 2021, 11, 838–846
species, B2O3, can be observed only for p-BN-1473 aer oxida-
tion at 973 K for 1 h in air, which is consistent with the TG
results shown in Fig. 3. These results suggest that the synthesis
temperature is directly linked to oxidation stability; the surface
properties of the samples in question, such as chemical
composition and local p-BN structure, are different although
the overall structures derived by XRD and IR are similar.

Any differences in the surface chemical states can be
explained by variation in the p-BN stability against oxidation. In
© 2021 The Author(s). Published by the Royal Society of Chemistry
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this study, we examined the surface chemistry of p-BN using
XPS. Fig. 4 shows the B1s and N1s XPS spectra of both p-BN and
h-BN. Although h-BN only has individual bands in the B1s
spectrum, the B1s bands of p-BN are convoluted by three iso-
lated species. These bands can then be assigned to B–C, B–N,
and B–OxNy species, as shown in Fig. 4a.21,32 Moreover, apparent
variation was detected in the relative band intensity assigned to
B–C species; the band intensities increased with an increase in
synthesis temperature. The variation in band intensity suggests
that the carbon atoms originated by a precursor species of urea
were impregnated into the h-BN microcrystals of p-BN. Such an
impregnated state can be observed from the C1s XPS spectra
Fig. 4 XPS spectra of (a) B1s and (b) N1s of p-BN and h-BN. Here, black
lines and circles denote experimental values and the sum of the
components in the curve fitting procedure, respectively.

© 2021 The Author(s). Published by the Royal Society of Chemistry
shown in Fig. S5 (ESI);† the band at �282.0 eV, which can be
assigned to carbide species, increased with an increase in
synthesis temperature. Furthermore, the characteristic bands
for N1s spectra can be observed, as shown in Fig. 4b. One of the
p-BN bands detected at �395.5 eV cannot be observed for the h-
BN spectrum. This band can be assigned to nitride species, such
as a metal nitride,33 and is obviously larger for p-BN-1673 than
those for p-BN-1473 and p-BN-1573. Characteristic bands can
also be observed in the O1s XPS spectra of p-BN, as shown in
Fig. S6 (ESI).† Although the band from B–OH formation can be
observed at �532.5 eV, it is in a lower energy region compared
with h-BN (533.7 eV).34 Furthermore, another characteristic
band at �529.0 eV can be observed, the position of which is
typically assigned to a metallic oxide or a boron oxide.35 Here,
metal impurities might be deposited because certain bands are
assigned to typical metal compounds such as metal nitride and
metal oxide. Al is the most probable metal species for this
contamination because alumina boat and tube were used in this
study. If Al species were involved in the sample, we could
observe any bands in between 72 and 84 eV assigned to any Al
species such as Al and Al2O3.36,37However, Al bands could not be
observed in the wide energy range XPS spectra shown in Fig. S7
(ESI)† indicating that the electron-rich species of N and O are
incorporated in the p-BN framework. Thus, the band at
�529.0 eV can be explained by the B–O–B species. Also, the
bands at �529.0 eV gradually increase with the increase of
synthesis temperature meaning that B–OH species were con-
verted to B–O–B species at the high temperature treatment.
Such dehydration process reduces defective or chemically active
sites to make p-BNmore stable as shown in Fig. 3. Overall, these
results suggest that adding elements, such as C and O, to the h-
BN framework of p-BN produces locally electron-rich or chem-
ically active species, which can explain the peculiar adsorption
phenomena of p-BN.
Gas adsorption ability of dinitrogen and argon on porous
boron nitride

In this section, we discuss the adsorption ability of inactive gas
molecules such as N2 and Ar on p-BN. The boiling points of N2

and Ar are 77 and 87 K, respectively, indicating that the inter-
action between Ar molecules is stronger than that between N2

molecules. However, N2 molecules have primitive quadrupole
moments, which cause a weak interaction factor. The weak
interaction is negligible, which indicates that N2 is the most
credible gas species for evaluating surface and pore parameters
of solid materials. However, as per Wang et al., the PSD prole
of a carbon material obtained by the N2 adsorption isotherm
shis to a smaller size region than that obtained by the Ar
adsorption isotherm, which can be attributed to adsorption
enhancement due to the aforementioned weak interaction at
the low-pressure region.29 Therefore, if we compare adsorption
isotherms between N2 and Ar on p-BN, we can obtain some
consequences for revealing the specic adsorption properties of
N2 to p-BN.

Fig. 5 shows the adsorption–desorption isotherms of N2 on
p-BN at 77 K. All isotherms are of type IV, indicating the
RSC Adv., 2021, 11, 838–846 | 841
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Table 1 Pore-structure parameters of p-BN and AC obtained by as-
plot analysis of N2 adsorption isotherms at 77 Ka

Sample

Micropore Mesopore

V a V a

p-BN-1473 0.377 1060 0.567 163
p-BN-1573 0.366 982 0.536 154
p-BN-1673 0.339 851 0.587 165
A7 0.151 493 0.007 8
A20 0.348 755 0.029 31

a The parameters are pore volume V/ml g�1 and specic surface area a/
m2 g�1.
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formation of micropores and mesopores.28 All three isotherms
are similar; negligible dependence of synthesis temperature to
the adsorbed amount of N2 can be observed. Table 1 summa-
rizes the structural parameters obtained by as-plot analysis of
the isotherms shown in Fig. 5.38,39 The parameters of activated
carbon (AC) obtained from the N2 isotherms shown in Fig. S8
(ESI)† are also tabulated for comparison. Here, the isotherms of
nonporous (i.e., crystalline) h-BN were used as a standard data
in the as-plot analysis. Consistent with Fig. 5, themicropore and
mesopore parameters of p-BN are similar, the maximum devi-
ation of which is roughly 10%. Similar to the average pore size
of an AC named A7, the average micropore size of p-BN
assuming a slit-shaped pore geometry is between 0.71 and
0.80 nm. The pore formation on p-BN can be supported by PSDs
shown in Fig. S9 (ESI).† The results are almost consistent with
those reported by Marchesini et al.21 Thus, there is no doubt
that both micropore and mesopore are constructed under high-
temperature and N2 gas ow conditions.

Before discussing Ar adsorption, the pore structure's
stability for p-BN must be addressed because p-BN is more
Fig. 5 Adsorption–desorption isotherms of N2 at 77 K in (a) linear and
(b) logarithmic scales on p-BN-1473 (green), p-BN-1573 (blue) and p-
BN-1673 (red).

842 | RSC Adv., 2021, 11, 838–846
stable under high-temperature oxidation than typical carbon
materials. As shown in Fig. S10 (ESI),† both micropore and
mesopore structures of p-BN samples, except p-BN-1473,
remain aer the oxidation under atmospheric conditions at
973 K. Under atmospheric conditions, this excellent stability to
heat treatment cannot be attained with carbon materials. On
the one hand, the adsorption–desorption prole of p-BN-1473
aer heat treatment is different than the one prior to heat
treatment. Fig. 3, S3 and S4 (ESI)† show that the tendency
coincides with stability. As per the XRD proles shown in Fig. 1,
every p-BN forms an amorphous structure, which can decrease
the oxidation stability of p-BN, particularly p-BN-1473. However,
as discussed using Fig. 4, additional heteroatomic species such
as C and O are donated in the framework of h-BN microcrystals
when p-BN is synthesized at higher temperatures. Although
impregnated carbon species can decrease oxidation stability,
the carbon deposited on the BN does not affect the oxidation
process at temperatures of <1173 K.40–42 Therefore, the oxidation
stability of p-BN directly reects the crystallinity of h-BN
microcrystals.

Fig. 6 shows the adsorption–desorption isotherms of Ar on p-
BN at 87 K. The deviation of Ar amount for adsorption branches
on p-BN is considerably lesser than that of N2 shown in Fig. 5;
however, remarkable differences can be observed for the
desorption branches in the Ar isotherms. The narrow deviation
in the Ar adsorption isotherms in the region with low P/P0 can
be attributed to the nonexistence of specic interactions
between Ar and p-BN surface. As per the analysis of Ar
isotherms, pore parameters were obtained by the as-plot anal-
ysis, as shown in Table 2. The micropore and mesopore surface
areas for p-BN obtained using Ar isotherms are lesser than those
obtained using N2 isotherms shown in Table 1. This can be
attributed to the fact that specic interactions except the
dispersion force do not occur between Ar and p-BN surface. On
the other hand, the mesopore volumes obtained with Ar
isotherms are larger than those obtained with N2 isotherms;
however, the difference in volume is <8%, which is small
compared with all other differences except for the difference in
micropore volume of p-BN-1673. Generally, the pore volume can
be evaluated using the Gurvich rule,28 in which the adsorbed
density is assumed to be the liquid density of an adsorbate.
Because the proportion of adsorbed molecules in direct contact
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Adsorption–desorption isotherms of Ar at 87 K in (a) linear and
(b) logarithmic scales on p-BN-1473 (green), p-BN-1573 (blue) and p-
BN-1673 (red).

Table 2 Pore-structure parameters of p-BN obtained by as-plot
analysis of Ar adsorption isotherms at 87 Ka

Sample

Micropore Mesopore

V a V a

p-BN-1473 0.316 886 0.579 130
p-BN-1573 0.330 898 0.571 134
p-BN-1673 0.333 782 0.633 151

a The parameters are pore volume V/ml g�1 and specic surface area a/
m2 g�1.

Fig. 7 Relative adsorption amounts of N2 to Ar on p-BN-1473 (green),
p-BN-1573 (blue), p-BN-1673 (red) and AC of A7 (pink) and A20 (black).
Here, the horizontal axes are (a) relative pressure and (b) negative value
of adsorption potential.
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with the mesopore surface to the total number of molecules
conned in the mesopores is lesser compared with that of
micropores, the mesopore volume is not affected by interac-
tions between adsorbed molecules and surface but rather by the
adsorbed density within the pore. Indeed, the molecular size of
Ar is lesser than that of N2; therefore, the closed-packed struc-
ture of Ar is well formed in the mesopores, which results in the
© 2021 The Author(s). Published by the Royal Society of Chemistry
larger values for the mesopore volume. Hence, this result
suggests that the pore surface of p-BN interacts with N2 mole-
cules more strongly than that of Ar, resulting in the enhance-
ment of N2 adsorption to p-BN.

Finally, we discuss a signicant feature of N2 adsorption on p-
BN compared with Ar adsorption isotherms. An N2 molecule typi-
cally interacts with other molecules or surfaces using the disper-
sion force and the weak interaction based on the quadrupole
moment. Fig. 7 shows the relative adsorbed amount of N2 as per
that of Ar (denoted as VN2/VAr) on p-BN and AC as functions of
relative pressure in a logarithmic scale and the negative value of
adsorption potential; i.e., �RT ln(P0/P). Here, both VN2 and VAr are
the adsorbed volume at standard temperature and pressure per
unitmass of the adsorbent. Hence, VN2/VAr is the same as themolar
ratio between adsorbed N2 and Ar, e.g., if VN2/VAr ¼ 1, the number
of adsorbed N2molecules is the same as that of Armolecules. First,
RSC Adv., 2021, 11, 838–846 | 843
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every relative adsorbed amount of N2 on p-BN is evidently larger
than that of AC, as shown in Fig. 7a and b, which supports the idea
that stronger interaction occurs between an N2 and the p-BN
surface compared with that of AC. For instance, the maximum
VN2/VAr value for A7 is 1.38 at�RT ln(P0/P)¼�9.28 kJ mol�1 where
VN2/VAr ¼ 2.69 for p-BN-1473 at the same adsorption potential.
These values show that twice the number of N2 molecules can be
restricted in the pore of p-BN-1473 than in the pore of A7 when the
data are normalized by adsorbed amounts of Ar. Furthermore, the
p-BN proles strongly depend on the synthesis temperature;
however, the A7 prole in Fig. 7a and b is similar to that of A20,
which suggests similar interaction and lling processes for AC.
Focusing on p-BN proles, every prole of relative adsorbed
amount of N2 shown in Fig. 7a involves the following two features:
(1) steep uptake of less than P/P0¼ 10�5 and (2) approaching unity
at higher relative pressure regions. The steep gradient in the low-
pressure region is attributed to the strong interaction between an
N2 molecule and the pore wall of p-BN, which indicates that N2

molecules tend to form stable adsorbed phases when attached to
the surface at the low-pressure region. A similar tendency can be
observed at over�8 kJmol�1 in Fig. 7b.Moreover, the low-pressure
and low �RT ln(P0/P) regions of p-BN-1473 considerably vary. This
is because, out of all the samples, p-BN-1473 has the largest
number of chemically active sites, which act as adsorption sites for
N2. This hypothesis can then be supported by the stability order
discussed in the previous section; i.e., p-BN-1473 is the most
unstable adsorbent with respect to oxidation under atmospheric
conditions, although it has a small number of heteroatoms
involving C and O. Here, the active sites do not form any bonds
with N2 molecules since it is one of themost stable species. In fact,
the structure of p-BN even aer the N2 adsorption experiment was
the same as its initial one even for p-BN-1473 as evidenced by XRD
proles, scanning electron microscopy (SEM) images and IR
spectra shown in Fig. S11–S13 (ESI),† respectively. The results
support that an additional physical interaction between a N2

molecule and the p-BN surface enhances the N2 adsorption. The
impregnation of C and O species does not affect the stability of p-
BN against the oxidation but reduces the number of chemically
active sites for N2 adsorption. For p-BN-1673, a convex prole can
be observed between P/P0 ¼ 10�4 and 10�3 in Fig. 7a and between
�RT ln(P0/P)¼�6 and�4 kJmol�1 in Fig. 7b. As shown in Fig. S14
(ESI),† this can be observed in the same plot for h-BN. The convex
prole suggests adsorption enhancement to N2. A possible reason
for the upper deviation is the formation of a stable adsorbed layer
attached to the surface of p-BN-1673 and h-BN. As shown in Fig. 1,
themicrocrystal in the p-BN-1673 forms themost ordered structure
of all p-BN samples; however, p-BN crystallinity is still low
compared with that of h-BN. Hence, adsorbed molecules can form
a relatively uniform adsorbed layer in the vicinity of the basal plane
surface of the h-BN crystallite. If the interaction between the
adsorbed molecule and the surface is signicant, the surface will
enhance the uniform formation of the adsorbed layer. At the
juncture before the perfect formation of the rst adsorbed layer of
N2, voids are created around the adsorbed molecules in the
adsorbed layer, which, in turn, enhances additional N2 adsorption.
As discussed, the interaction between N2 and the surface of p-BN is
stronger than that of Ar; therefore, a characteristic prole in the
844 | RSC Adv., 2021, 11, 838–846
relative adsorption amount of N2 for p-BN-1673 is observed
because of the uniform adsorbed layer formation of N2. Moreover,
N2 adsorption is enhanced because of adsorption sites formed by
heteroatomic species impregnated into the h-BNmicrocrystal of p-
BN-1673. Because partially electron-rich sites were introduced by
impregnation of hetero atoms, as shown by XPS spectra, certain
active sites work as specic sites for N2 adsorption. However,
additional supporting evidence is required to discuss this
phenomenon. Based on the information obtained from our
current study, it is evident that the p-BN proles are attributed to
(1) different characteristic formation of the adsorbed phase of N2

within the pores of p-BN comparedwith that within the pores of AC
and/or (2) the existence of specic interactions between an N2

molecule and the p-BN surface with chemically specic sites
created by C and/or O impregnation.

The results of the gas adsorption experiments suggest that
N2 adsorption is enhanced by the strong interaction between an
N2 molecule and the p-BN surface because of a characteristic
surface of p-BN micropore and active sites impregnated in the
microcrystals. Although the specic interaction initiated by p-
BN must be immediately elucidated, p-BN can be an unparal-
leled adsorbent with strong interaction sites for various
molecules.

Conclusions

In this study, p-BN with h-BN pore walls was synthesized by
high-temperature calcination. The results suggest that N2

molecules strongly interact with the p-BN surface according to
the p-BN structure. The synthesis method involved high-
temperature treatment under an N2 ow condition; it
provided appropriate surface conditions for N2 adsorption. The
adsorption features were different compared with typical
porous carbon materials. Moreover, although hetero-atomic
species, such as C and O, are more impregnated in the p-BN
framework when treated at higher temperatures, the crystal-
linity of p-BN strengthens the oxidation stability up to 973 K
under atmospheric conditions. Furthermore, although the p-BN
frameworks were similar to h-BN frameworks, the stability,
surface chemistry, and adsorption properties to N2 were
dependent on the treatment temperature required to yield p-
BN. The molecular number of adsorbed N2 on p-BN was
�150%–200% larger than that on AC at the same adsorption
potential state when we compared the amount normalized by
the adsorbed amount of Ar. Thus, the excellent oxidation
stability and specic adsorption nature of p-BN suggests that it
is a novel adsorbent and catalyst.

Experimental
Synthesis of porous boron nitride

The p-BN samples were synthesized as per a template-free
method reported by Marchesini et al.21 In essence, boric acid
(120 mg, purity of 99.5%, FUJIFILM Wako Pure Chemical Co.)
and urea (580 mg, purity of 99.0%, FUJIFILM Wako Pure
Chemical Co.) were mixed with an agate mortar for 15 min. The
homogeneously mixed powder sample in an alumina boat was
© 2021 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra08437a


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

4 
Ja

nu
ar

y 
20

21
. D

ow
nl

oa
de

d 
on

 7
/1

6/
20

25
 1

0:
03

:0
5 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
then placed into a horizontal alumina tube; N2 was then
introduced by an appropriate ow process (150 ml min�1 for 2
h). The sample was then calcined at temperatures of 1473, 1573,
and 1673 K under N2 gas ow (50 ml min�1) for 3 h. For each
temperature, the heating rate was 10 K min�1. The synthesized
sample was denoted as p-BN-x where x is the maximum
temperature of the calcination process.

Activated carbon

Pitch-based AC bres (A7 and A20 produced by AD'ALL Co. Ltd.)
were used. These carbon materials have a large amount of
micropores; the average sizes of which is �0.7 nm for A7 and
�1.0 nm for A20.43

Characterization

The XRD prole for each sample was collected using MiniFlexII
(Rigaku Co. Ltd.) at room temperature. Monochromatic X-rays
of Cu Ka radiation (l ¼ 0.154 nm) at 30 kV and 15 mA was
applied. The observations of HR-TEM and STEM images were
collected by ARM-200CF (JEOL, Ltd.) at an accelerated voltage of
120 kV. The sample was dispersed in highly puried hexane
followed by dropping on a Cu mesh covered with carbon
membranes (NS-C15, Okenshoji Co., Ltd.). TG proles were
obtained using Thermo plus EVO2 (Rigaku Co. Ltd.) under
atmospheric conditions. In a typical TG experiment, �4 mg of
a sample was placed in a Pt pan, and measurements were per-
formed at a ramping rate of 10 K min�1 from room temperature
to 1173 K. Moreover, XPS measurements were conducted using
JEOL JPS-9030. The spectra were analysed with JEOL SpecSurf
systems to deconvolute and analyse the bands. N2 adsorption–
desorption isotherms at 77 K and Ar isotherms at 87 K on p-BN
and AC were then measured using BELSORP-max (Micro-
tracBEL Corp.), and all samples were evacuated at 823 K at <1
mPa for 6 h.
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