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In the context of adsorptive water treatment, exhaust gas treatment, gas storage, or catalysis, porous boron
nitride is gaining in scientific attention due to its versatile properties. The material is above all characterized by
its high chemical and thermal stability. However, it has recently been shown that porous boron nitride is highly
water-susceptible, which severely limits its application in non-inert atmospheres. So far, solely the influence of
chemical composition on water stability has been investigated in literature. In the present work, the influence of
different pore sizes is considered. Two different boron nitrides, a mesoporous and a micro-mesoporous one, are
investigated with regard to their stability in air, water vapor, and liquid water for multiple weeks. Using different
analytical methods, it can be shown that the stability of porous boron nitride strongly depends on pore size and
structure. We demonstrate that the mesoporous boron nitride synthesized in this work has much higher water
stability than micro-mesoporous boron nitrides. The mesoporous material showed minor to no changes in its
chemical structure and isothermal shape when exposed to water vapor and air. We suggest that a higher amount
of crystalline hexagonal boron nitride leads to increased stability. This conclusion opens pathways to improve the
water stability of porous boron nitride in order to make it suitable for non-inert gas phase adsorption

applications.

1. Introduction

New materials for energy storage [1], catalysis [2,3], or adsorption
[4,5] are tested to improve industrial processes. One of the materials
with promising properties in these fields is hexagonal boron nitride
(h-BN) [6-10]. Hexagonal BN is well known for its large bandgap,
electric insulation, high thermal conductivity, chemical resistance, and
thermal stability [11]. Despite its special properties, its utilization is still
limited by low porosity and specific surface area. To synthesize a more
porous BN material, the synthesis of turbostratic boron nitride (t-BN)
was studied extensively over the last years. Contrary to h-BN the ma-
terial shows high specific surface areas up to 2078 m? g~! [12]. The
higher porosity of t-BN is driven by a twisting of BN layers between one
another, which forms defects in the structure in the dimension of mi-
cropores [13]. Due to its higher porosity t-BN can be used for catalysis
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[14], gas storage [15], or water treatment [16]. To achieve the highest
efficiency for those applications, the synthesis of highly porous BN is
currently being pursued and its application investigated. However, the
synthesis of porous BN is accompanied by a loss of crystallinity and thus
stability of the material. In previous works it was shown that amorphous
BN (a-BN) reacts with water at room temperature [17]. A recent work of
Shankar et al. [18] showed that porous BN is chemically unstable to
water, limiting its application in various areas. They investigated the
stability of a high specific surface area BN (1666 m? g~ 1) towards liquid
and gaseous water. It was shown that after water exposure for 24 h the
specific surface area of the material was reduced to 51 m? g in liquid
water and below 10 m? g~ in vapor. In addition, they observed an in-
crease in crystallinity after water exposure which is explained by the
decomposition of a-BN or t-BN while stable h-BN remained. Further-
more, their work indicates that porous BN materials with a low specific
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surface area react with water and start to decompose. Similar results
were reported later on [19]. For long storing durations under atmo-
spheric conditions Alkoy et al. [20] were able to show that turbostratic
boron nitride decomposes into an ammonium borate compound. To
summarize, knowledge about the influence of different synthesis pa-
rameters on the chemical stability and resulting properties of porous BN
is still scarce and further research is necessary.

In this work, we utilized a pre-heating method previously described
by Jahnichen et al. [21]. This method yields mainly mesoporous t-BN
which exhibits much higher water stability than previously reported
microporous t-BN materials. A template-free synthesis was used. Boron
and nitrogen precursors are homogeneously mixed, and then reacted in
an inert gas atmosphere (N9, NHg, Ar) to form BN. The properties of the
product are influenced by choice of precursors, their ratio, and used
synthesis parameters. Especially the nitrogen precursors affect the pores
in the product significantly. While melamine-based BN is primarily
microporous, nitrogen precursors such as biuret or urea lead to the
formation of micro- and mesopores [22]. Using urea as a nitrogen pre-
cursor and controlling its decomposition by adding a pre-heating step
we were able to synthesize a highly mesoporous BN material with nearly
no microporosity and high crystallinity [21]. The chemical durability of
the synthesized mesoporous BN and a micro-mesoporous BN reference
sample are compared regarding their stability in different environments:
air, gaseous water (referred to as vapor), and liquid water (referred to as
water). To observe changes within the properties of the different BN
materials during exposure, the samples were characterized by X-ray
diffraction (XRD), X-ray photoelectron spectroscopy (XPS), scanning
electron microscopy (SEM), mercury intrusion, attenuated total reflec-
tion - infrared spectroscopy (ATR-IR), thermogravimetry (TG), and ni-
trogen sorption.

2. Experimental
2.1. Synthesis of mesoporous t-BN

For the synthesis of mesoporous t-BN urea (Alfa Aesar, 98+%) and
boric acid (VWR Chemicals, 99+%) were used in a molar ratio of boric
acid to urea 1:3. Both precursors were homogeneously ground in a ball
mill (PM 100, Retsch, 450) for 5 min (450 rpm). After that, the homo-
geneous precursor mixture was transferred to an alumina combustion
boat crucible and heated in a tube furnace (ROC 50/610/14, Therm-
concept). Two heating levels were chosen: 200 °C for 2 h followed by
1300 °C for 4 h with a heating rate of 5 K min~'. The synthesis was
performed in a nitrogen atmosphere (purity 5.0) at a constant flow rate
of 80 1 h L. After the synthesis, approximately 0.8 g of a flake-like white
BN were obtained. The synthesis was performed multiple times to gain
approximately 12.5 g of the sample which was homogenized to inhibit
reproduction deviations. In the following, the mesoporous sample is
referred to as BN-meso.

2.2. Synthesis of the micro-mesoporous t-BN reference sample

The synthesis of the micro-mesoporous t-BN reference sample was
carried out similar to the mesoporous sample. Boric acid and urea were
also used as precursors in a molar ratio of 1:3. The precursors were
ground as explained previously. The mixture was transferred to an
alumina combustion boat crucible and heated in one step to 1300 °C (5
K min’l) in a tube furnace. The temperature was maintained for 4 h. For
the synthesis, a nitrogen flow of 150 1 h™! was applied. For the micro-
mesoporous material, approximately 3 g of the sample (0.8 g each
approach) were synthesized and homogenized. The micro-mesoporous
reference sample is referred to as BN-ref in this work.

2.3. Investigation of the air stability

The air stability of the samples has been investigated for up to 12
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weeks. Each sample was transferred to a 50 ml polypropylene (PP)
beaker, which was stored at room temperature in a fuming hood (hu-
midity ~ 30%). After 1 week, 2 weeks, 4 weeks, and 12 weeks
approximately 0.2 g of each sample were removed for analysis.

2.4. Investigation of the water vapor stability

Water vapor adsorption was investigated in an autosorb iQ3
(Quantachrome Instruments). The isotherms were measured volumet-
rically at 25 °C in a relative pressure range of 0.0 < p py! < 0.9. Before
the measurements, the samples were outgassed for at least 4 h up to 6 h
under vacuum at 150 °C. Outgassing was considered sufficient once the

pressure increase was less than 25 mtorr min~1.

2.5. Investigation of the water stability

To observe the water stability approximately 0.16 g of the material
was transferred in a 50 ml PP beaker at room temperature. 40 ml of
deionized water and a stirrer were added. After closing the beaker, the
mixture was stirred at 500 rpm. For each time point (0.5 h, 6 h, 48 h, 1
week, 2 weeks, 4 weeks) a separate solution was made. After the
assigned time passed, the stirrer was removed and the mixture was
aspirated through a G4 glass frit. In the end, the filtrate was washed with
50 ml deionized water and then dried in an oven at 80 °C for 24 h (DRY-
Line, VWR).

2.6. Material characterization

The XRD analysis was performed with the device STOE STADIP
(STOE & Cie GmbH) equipped with a Mythen 1 K detector (DECTRIS).
As radiation Cu Ko (40 kV, 40 mA) was used. A step-width of 0.2 °20 st
was applied. The spectra were evaluated by Match! (Version 3.3.0,
Crystalimpact).

ATR-IR measurements were carried out with an Alpha II FT-IR
spectrometer from Bruker. A platinum ATR module with a diamond
crystal was used. Prior to the analysis approximately 5-10 mg powdered
sample were put on the crystal. The measuring was performed between
500 and 4000 cm ! with a resolution of 4 cm™!. Each scan was replied
20 times.

A VG ESCALAB 220i-XL measurement device (Thermo Scientific)
with an Al-anode (12 kV, 20 mA, 240 W) was used to perform XPS
analysis. As radiation Al Ko was emitted. The measurement was per-
formed in a vacuum (108 mbar) in the electron binding energy range of
- 5 to 1205 eV. A step size of 0.5 eV (survey scan) and 0.1 eV (detail
spectra) at pass energy of 50 eV were used. Every scan was repeated 4
times. Before analysis, the samples have been mounted on conductive
carbon tape. Unifit 2022 [23] was used to evaluate the spectra. Peaks are
fitted by Voigt profiles. Excitation satellites and a suitable background
have been subtracted.

SEM was performed with a Nova NanoLab200 from FEI Company
equipped with an Everhart-Thornley-Detector. A measurement voltage
of 10-15 kV and an electron gun distance of 5 mm were used. Before the
analysis, the samples were steamed with gold.

The characterization of the pore system of BN materials followed
those of activated carbons [24].

The porosity of the macropores between 50 and 10000 nm was
investigated by mercury intrusion with the devices Pascal 140 and
Pascal 440 by Porotec. After weighing approximately 50-100 mg of the
sample in a dilatometer, the dilatometer was transferred to the Pascal
140, evacuated to 0.2 mbar, and then filled with mercury. The intrusion
measurement up to 400 MPa was carried out in the Pascal 440 at room
temperature. The mercury contact angle was set to 140° and surface
tension to 0.48 N m™'.

An autosorb iQ3 (Quantachrome Instruments) was used to measure
nitrogen sorption isotherms at 77 K. The samples were outgassed in the
same manner as for the water adsorption measurements. BET (Brunauer-
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Emmet-Teller) surface areas [25] were determined according to DIN ISO
9277 [26], mesoporous surface areas according to DIN 66134 [27],
utilizing the method of Barrett, Joyner, and Halenda [28,29], and
microporous surface areas according to DIN 66135 [30] with the
t-method by Lippens and de Boer [31]. In the latter, the subtraction of
the external surface area from the BET surface area resulted in the sur-
face area of the micropores. Pore size distributions were determined
using QSDFT for the adsorption branch of nitrogen sorption at 77 K on
carbon with slit and cylindrical pores.

3. Results and discussion
3.1. Comparison of the sample properties

To evaluate the stability of BN-meso and BN-ref their properties have
to be compared. For that, XRD, SEM, nitrogen sorption, and mercury
intrusion were used.

The crystallinity of the materials was investigated by XRD. As
depicted in Fig. 1 the diffractograms display three reflexes at 26 = 26°,
20 = 43° and 20 = 76° which can be assigned to the (002), (10), and
(110) planes of h-BN respectively [32,33]. Nevertheless, the reflex width
of both materials is broad which implies a turbostratic structure. By
comparing the diffractogram of BN-meso to the reference sample BN-ref
a smaller reflex width and signal-to-noise ratio are observed for
BN-meso. This suggests, that BN-meso has higher crystallinity than the
reference sample. It can be assumed that the higher crystallinity is due to
a less disordered crystal structure which is caused by a lower
microporosity.

To better understand pore structure and porosity within the two
samples, nitrogen sorption and mercury intrusion were performed. Ni-
trogen sorption at 77 K was used to observe changes within micro- and
mesopores, whilst macropores were analyzed by mercury intrusion. The
nitrogen adsorption isotherms are depicted in Fig. 2 (a). Both materials
show Type IV(a) behavior with H5 hysteresis loops, according to the
IUPAC classifications [34]. After an initial uptake of nitrogen, the
isotherm of BN-meso displays a sharp knee followed by a linear rise up to
p po! = 0.6. This indicates a mainly mesoporous pore structure with
only a small amount of micropores and no significant overlap between
mono- and multilayer adsorption. At higher relative pressures capillary
condensation takes place and the pore system is filled with nitrogen until
an inflection point is reached. The desorption branch does not descend
until p po ! < 0.9 and follows the trend of the adsorption branch. A sharp
step-down of the desorption branch takes place at p py* = 0.5. The shape
of the hysteresis loop is typically associated with both open and partially

—— BN-meso
BN-ref

rel. intensity

M

10 20 30 40 50 60 70 80
20/°

Fig. 1. XRD patterns of BN-meso and BN-ref.
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blocked mesopores.

The shape of the isotherm of BN-ref is similar to BN-meso. The main
differences can be found in the higher nitrogen adsorption capacity and
the steeper increase at low relative pressures for BN-ref. The shapes of
the hysteresis loops are similar for both materials, which indicates
comparable mesopore volumes. Thus, similar mesoporosities and
different microporosities can be expected. BET surface areas and pore
volumes for both materials are given in Table 2 (BN-ref) and Table 3
(BN-meso) below. As deduced from the nitrogen sorption isotherms, BN-
meso has a smaller BET surface area (214 m?> g’l) and total pore volume
(0.51 cm? g’l) than BN-ref (567 m? g’l, 0.66 cm® g’l). The most sig-
nificant difference can be found in the micropore surface area, with BN-
meso having a low micropore surface area of 55 m? g~!, whilst BN-ref
features a micropore surface area of 423 m? g~! that is about eight
times larger. We assume, that the sample shows a higher microporosity
due to its lower crystallinity and thus higher turbostratic or amorphous
proportion. This leads to more twists within the BN planes, creating gaps
in the size of micropores. Since larger mesopores are formed mainly by
foaming processes during precursor decomposition, they are less
affected by changes in crystallinity.

Larger pores of the materials were investigated by mercury intrusion.
The pore width distributions of mesopores above 10 nm and macropores
up to ~13000 nm are shown in Fig. 2 (b). Both samples have a similar
pore width distribution, however, BN-ref depicts a slightly higher cu-
mulative pore volume and porosity than BN-meso (Table S1). We as-
sume that the lower pore volume and porosity of BN-meso occur due to
the preheating at 200 °C and thus less foaming at higher temperatures.

To observe morphology and structure of the material SEM was
applied. As shown in Fig. 3 (a) the sample BN-ref depicts a non-ordered
flake-like morphology, that is typically reported in literature for urea-
based BN materials [35]. BN-meso has a different type of morphology.
In Fig. 3 (b) a smooth surface is observed, which is imbued by tubular
cracks. The surface is formed by multiple stacked flakes that partially
show up. We assume that the changes in the morphology arise because
of the introduced pre-heating step which enables formation of larger
urea decomposition intermediates.

In summary, pre-heating at 200 °C BN-meso yields a more crystalline
material with 8 times lower microporosity. Hence, two materials were
synthesized: BN-ref is a micro-mesoporous material with lower crystal-
linity, and BN-meso is a mainly mesoporous material with higher crys-
tallinity. Comparing both materials by nitrogen sorption and mercury
intrusion, only minor changes are observed in the meso- and macropore
range. Therefore, the samples are suitable to investigate stability of
different pore types in t-BN (e. g. micro- and mesopores) on vapor and
water.

3.2. Stability to air and vapor

To store or to use t-BN in the presence of air, the material must be
resistant to oxidation and inert to vapor. While BN is generally highly
resistant to oxidation up to 700-800 °C (Fig. S1), it is well known that it
has low stability against water due to its rapid decomposition to boron
oxide and ammonia [18,36]. To observe whether the mesoporous BN
material shows higher air stability than other t-BN materials its
long-term stability for up to 12 weeks was investigated and compared to
the sample BN-ref. All samples were analyzed by nitrogen sorption.
Furthermore, XPS, XRD, and IR were applied to detect changes within
the chemical structure of the materials.

The B 1s XPS spectra are shown in Fig. 4. In all spectra, two main
contributions and a satellite are used. The peak at a binding energy of
~193.1 eV is assigned to B-O and the peak at ~191.1 eV to B-N [37].
The B-O signal arises due to initially unreacted boron oxide or due to
boron oxide later formed by a reaction with water vapor. The shake-up
satellite can be attributed to B-N double bonds within hexagonal do-
mains [38]. To evaluate the air stability of the materials their B-N to
B-O ratio was calculated from the B 1s spectra. An overview of the
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Fig. 2. (a) Nitrogen adsorption isotherms at 77 K and (b) mercury intrusion results of BN-meso and BN-ref.

Table 1
B-N to B-O ratio after the synthesis, 4 weeks and 12 weeks calculated by XPS (B
1s).

Exposure time BN-ref BN-meso

new 97:3 96:4

4 weeks 91:9 96:4

12 weeks 88:12 97:3
Table 2

BET surface areas and pore volumes of BN-ref after the synthesis, water-vapor
adsorption (WVA) and air exposure.

Exposure BET surface micropore micropore total pore
time area/m®g~!  surface area/m®>  volume/cm® volume/cm*
g ! g ! g !

new 567 423 0.19 0.66

Water-vapor adsorption

after WVA 131 30 0.01 0.38

Air exposure

1 week 441 309 0.14 0.57

2 weeks 326 174 0.08 0.57

4 weeks 206 80 0.04 0.44

12 weeks 132 26 0.01 0.39
Table 3

BET surface areas and pore volumes of BN-meso after the synthesis, water-vapor
adsorption (WVA), and air exposure.

Exposure BET surface micropore micropore total pore

time area/m®>g !  surface area/m®>  volume/cm® volume/cm®
g g g

new 214 55 0.03 0.51

Water-vapor adsorption

after WVA 211 24 0.01 0.52

Air exposure

1 week 191 15 0.01 0.50

2 weeks 170 14 0.01 0.48

4 weeks 167 <10 <0.01 0.48

12 weeks 146 <10 <0.01 0.46

calculated ratios is given in Table 1. By comparing the starting materials,
it has to be noted that both depict a similar B-O content within the error
bars of the method, and therefore, differences in the stability due to
different initial oxygen impurities can be excluded. For the sample
BN-ref, it can be seen that the ratio of B-N to B-O is changing within 12
weeks. Directly after the synthesis, the sample shows a high purity with
~3% of B-O-impurities present. After 4 weeks the amount of B-O
increased to ~9%, increasing further to ~12% after 12 weeks. To
evaluate the influence of air on the decomposition of the material, the

same sample has been stored additionally in vacuum atmosphere
(Fig. S2). Thereby no increase in the B-N to B-O ratio were observed.
Hence, the observed change must result from a reaction with ambient air
whereby a B-O species is formed. To depict the ongoing reaction XRD
and IR analysis were carried out on the 12-week-old sample. In the XRD
measurement, no new reflexes indicating a B-O species could be
detected (Fig. S4 (a)). Nevertheless, changes in the reflex width of the
sample can be seen, which suggests an ongoing reaction of the material.
This assumption is further supported by the results of IR spectroscopy.
As shown in Fig. 5 (a) before air exposure BN-ref shows two distinct
bands at ~ 1360 cm ™! and ~800 cm L. The band at ~1360 cm ™ can be
attributed to an in-plane transverse B-N stretching vibration and the
band at ~800 cm™! to an out-of-plane B-N-B bending vibration. Both
bands indicate a BN material with a low amount of impurities. On the
other hand, after air exposure, a shoulder at the B-N band [39] and a
broad band with a peak at ~ 3200 cm ! and a shoulder at ~ 3400 cm ™
can be observed. The significant peak of this band at ~3200 cm ! can be
assigned to NH,, groups [40] whilst the shoulder at ~ 3400 cm ™! can be
attributed to a formation of O-H and N-H groups, due to an ongoing
reaction with water from air. Hereby a formation of boron oxynitride is
assumed. This assumption is supported by the observed shoulder at
~1000 c¢cm ! which is attributed to a B-O band [41]. Based on these
results, the formation of an amorphous B-O species detected by XPS can
be verified.

The B-O formation affects the porosity of the material as well. In
Fig. 5 (c) nitrogen sorption isotherms of the sample BN-ref after different
air exposure times are shown. As depicted, with prolonged exposure, the
adsorbed nitrogen volume, and thus, the total pore volume decreases,
indicating a reaction on the surface of the material that either blocks or
narrows the pores until they are no longer accessible. Since there are no
observable changes in the hysteresis loop with prolonged air exposure, it
can be assumed that the proposed reaction blocks primarily micropores
by forming a sterically larger B-O species. This assumption is further
supported by the BET and micropore surface area results. As shown in
Table 2, within 12 weeks the BET surface area decreases from 567 m?
g to 132 m? ¢! and the micropore surface area from 423 m2 g~! to 26
m? g~L. By comparing these losses, it can be seen, that the loss in BET
surface area is primarily driven by a loss of micropores. Based on these
results it can be assumed that the sample BN-ref is not stable to ambient
air and hence its usage for non-inert applications has to be reviewed
carefully. Considering the high oxidation stability, it is assumed that
water vapor is the main antagonist to material stability.

In comparison to BN-ref, the mesoporous sample BN-meso shows a
different behavior regarding its air stability as depicted by XPS, XRD,
and nitrogen sorption. In XPS measurements the sample BN-meso shows
initially ~4% of B-O impurities (Table 1). Contrary to the micro-
mesoporous sample no changes in the B-N to B-O ratio can be
observed within 12 weeks which implies no chemical reaction with
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Fig. 3. SEM images of (a) BN-ref and (b) BN-meso. The image scale is 50 pm.
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Fig. 4. Normalized B 1s XPS measurements of (a) BN-ref and (b) BN-meso.
Investigation of the air stability for up to 12 weeks.

vapor in the air (Fig. S3). This assumption is supported by XRD and IR
measurements. As shown in Fig. S4 (b) in the XRD spectra no additional
reflexes and no significant changes in the reflex width are depicted
within 12 weeks. Nevertheless, a reduction of the signal-to-noise ratio

can be observed. In the IR spectra (Fig. 5 (b)) a slight increase in the
B-OH band at 3400 cm ! is depicted which probably arises due to water
adsorbed from air. The NHy peak described before also increases
slightly. All other bands (B-N and B-N-B) do not show any significant
changes which indicates an air stable material as well.

In Fig. 5 (d) the nitrogen sorption isotherms for the sample BN-meso
are presented. Only small changes in the adsorbed volume can be
observed up to 8 weeks of exposure. After that, a slight decrease in the
pore volume is detected. The calculated pore volumes and BET surface
areas are given in Table 3. After 12 weeks of exposure, the BET surface
area of the initial sample (214 m? g1) is reduced to 146 m? g~ .
Considering the calculated micropore surface area most of the changes
in pore structure seem to arise due to a reduction of micropores. The
micropore surface area decreases from initially 55 m? g~ to <10 m? g !
after 4 weeks. It is evident that the decrease in BET surface area is solely
due to the decrease in micropore surface area. Hence, it can be assumed
that in BN micropores are labile to vapor and mesopores have a higher
resistance. We expect that a reaction with water vapor from the air takes
place at the pore surface, blocking micropores and narrowing mesopores
with increasing length of time (Fig. S6). Due to the higher crystallinity
and lower microporosity, this reaction is less pronounced in BN-meso,
which is why no changes in chemical composition were detectable by
XRD, XPS, or IR.

It could thus be shown that the newly synthesized mesoporous
sample exhibits much higher air stability than conventional micro-
mesoporous t-BN. Not only the original oxygen content of the mate-
rial, as reported by Shankar et al. [18], seems to influence the stability
but also the pore type present. We were able to demonstrate that a re-
action with water from air and thus a reduction of the surface area and
pore volume in BN occurs less pronounced in mesopores.

To verify in detail how stable the sample is towards a pure vapor
atmosphere, water vapor adsorption (WVA) measurements on BN-meso
and BN-ref were compared. The water vapor isotherms of both materials
are depicted in Fig. 6. Up to p py ! = 0.25, both isotherms show a similar
shape with a comparable uptake of water. The steep uptake at low
partial pressures indicates a hydrophilic surface as already discussed in a
previous work by Shankar et al. [18]. The hydrophilic properties might
be attributed to oxygen-containing defects within the pores. The similar
isotherm shapes correspond to the similar oxygen content of BN-meso
and BN-ref. At higher relative pressures the shape of the isotherms
and the adsorption capacities differ significantly. Whilst BN-meso can
roughly be classified to be Type IV(a) with an H5 hysteresis loop, BN-ref
displays a highly unusual behavior. In the range of 0.3 < p py* < 0.6 the
adsorption branch follows a steep linear increase. We assume that a
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Fig. 5. IR spectra of (a) BN-ref and (b) BN-meso and nitrogen sorption isotherms at 77 K of (c) BN-ref and (d) BN-meso after up to 12 weeks of air exposure.
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Fig. 6. Water vapor adsorption isotherms of BN-meso and BN-ref at 298 K.

chemical reaction with water takes place after a certain amount of water
is adsorbed on the surface of BN-ref. This chemisorptive loading in-
creases the amount adsorbed and at the same time reduces the pore
volume significantly (Table 2). Once this reaction is completed (at p py*
> 0.6) physisorption continues until the pore system is saturated. We
hypothesize that the amount of chemisorbed vapor depends on the

amount of micropores in the material. Thus, mesoporous BN adsorbs less
water and therefore reacts less strongly. For both samples, the hysteresis
loops are not closed. However, the gap for BN-ref is at least four times
that of BN-meso. In general, an open hysteresis loop indicates
non-reversibility of the adsorption process and thus chemisorption.
Hence, both materials seem to chemisorb vapor. Based on these results,
it can be concluded that BN-ref and BN-meso react with water. Never-
theless, the mesoporous material shows much higher stability towards
vapor compared to BN-ref and previously reported high surface area BNs
[18].

To determine the influence of vapor adsorption on the pore structure,
the samples were characterized by nitrogen sorption. Fig. 7 depicts the
nitrogen isotherms before and after the contact with water vapor. BN-ref
(Fig. 7 (a)) shows a significant change in the shape of the isotherm after
water vapor adsorption. In addition, the adsorbed nitrogen volume, total
pore volume, and BET surface area are reduced significantly. The
reduction in surface area can again be attributed to a loss of micropores
(Table 2). The pore size distributions of BN-ref before and after water
vapor adsorption underline this suggestion (Fig. 7 (b)). After vapor
adsorption, almost all micropores and a small amount of mesopores are
lost. By comparing the results to the material stored in ambient air, we
observe that the pore structure is very similar to the one after 12 weeks
in air, supporting the theory of water as the main antagonist to material
stability.

Identical measurements were carried out for BN-meso (Fig. 7 (c)).
Hereby no significant changes in the isotherm can be observed. It seems
like water, which reacts with the surface, is not relevant to water
adsorption and some, if not all, of the remaining water was removed
during the pre-measurement conditioning. However, when looking at
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Fig. 7. Nitrogen adsorption at 77 K (a), (c) and pore size distribution (b), (d) of BN-ref and BN-meso before and after water vapor adsorption.

the pore distribution of the BN-meso sample (Fig. 7 (d)), changes in the
mesopore distribution are visible. Compared to the initial material, a
higher amount of mesopores between ~8 and ~20 nm is more narrowly
distributed. A similar pore size distribution is received after 2 weeks of
air storage. As already mentioned we assume that the changes in pore
system are driven by a B-O formation on the pore surface, whereby
micropores are blocked and mesopores are narrowed.

In Table 2 (BN-ref) and Table 3 (BN-meso) the BET surface areas, as
well as the pore volumes of the materials prior to and after water vapor
adsorption, are given. As discussed above, the porosity and BET surface
area of BN-meso remains nearly unchanged, with only a small loss in
micropore surface area and an insignificantly higher total pore volume.
Compared to that, BN-ref loses more than 75% of its BET surface area,
almost all of its microporous surface area, and approximately 50% of the
total pore volume due to water vapor adsorption. Hence, we expect a
similar reaction between the vapor and the more microporous BN-ref as
already proposed for air exposure. We assume that the reaction products
formed either block access to micropores or clog them completely
making them inaccessible to gases. Considering that water vapor is
present in almost all technical adsorption applications, the more
microporous BN-ref has to be improved further before usage in gas phase
adsorption. The results of water vapor adsorption confirm our sugges-
tion that micropores in BN significantly reduce stability of the material,
while mesopores exhibit very high vapor stability.

3.3. Stability to liquid water

Both materials are analyzed by nitrogen sorption and XRD after

exposure to liquid water for 1, 2, and 4 weeks. The water stability of the
sample BN-meso was additionally investigated by nitrogen sorption
after 0.5, 6, and 48 h to observe changes within the shape of the
isotherm and BET surface area. The mass loss after the water exposure is
shown in Table S2. It can be seen that the mass loss increases slightly for
BN-meso with increasing water exposure time. The mass loss remains
nearly constant for BN-ref. After 4 weeks of exposure time, both mate-
rials loose roughly a third of their mass (BN-ref ~ 40%, BN-meso ~
30%).

At first, properties of the reference sample BN-ref are discussed. In
Fig. 8 (a) the XRD spectra of BN-ref after different water exposure times
are shown. As depicted in the diffractograms the reflex width of the main
BN reflex at 20 = 26° is decreasing after 1 week of exposure which in-
dicates an increase in crystallinity. The higher crystallinity is attributed
to the decomposition of amorphous and turbostratic BN to boric acid
and ammonia in the presence of water [18,36]. Since these decompo-
sition products dissolve in water just highly crystalline BN remains.

The decomposition of amorphous and turbostratic BN affects the
porosity of the sample as well which was investigated by nitrogen
sorption. As shown in Fig. 9 (a) an increased contact time reduces the
amount of adsorbed nitrogen and thus the porosity of the material. The
calculated surface areas and pore volumes are given in Table 4. The pore
size distributions are presented in Fig. S9. Considering the results given
above, initially the amorphous and turbostratic BN decomposes result-
ing in a significant loss of pore volume and BET surface area. After 1
week of water exposure, BET surface area and pore volume of the ma-
terial are halved. After 2 weeks a slight increase of the BET surface area
can be observed, whilst the pore volume decreases further. We propose
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Table 4
BET surface areas and pore volumes of BN-ref and BN-meso after water
exposure.
Water BET surface micropore micropore total pore
exposure area/m? surface area/ volume/cm® volume/cm®
time g1 m?g ! gl gl
BN-ref
1 week 276 170 0.10 0.32
2 weeks 310 260 0.14 0.23
4 weeks 300 258 0.13 0.22
BN-meso
0.5h 343 84 0.04 0.66
6h 349 158 0.08 0.68
48h 350 164 0.09 0.57
1 week 307 134 0.07 0.43
2 weeks 287 137 0.07 0.38
4 weeks 292 128 0.08 0.36

that reaction products narrow the size of some mesopores to the size of
micropores. By increasing the exposure time to 4 weeks no further
changes can be observed. Correspondingly to the weight loss described
above, BN-ref decomposes strongly within 1 week and continues to
decompose slowly over time. Therefore, applications in water have to be
considered carefully.

Compared to the micro-mesoporous material, BN-meso exhibits no
significant changes in the XRD spectra (Fig. 7 (b)), regardless of the
exposure time, which implies higher water stability. Nevertheless,
considering the nitrogen sorption results a different trend is displayed.
As shown in Fig. 9 (b) after up to 6 h of water exposure an increase in the
adsorbed nitrogen volume can be observed. Thereby the total pore

volume and BET surface area increase (Table 4). We propose that this
initial increase results from a dissolution of unreacted boron oxide
which leads to an opening of blocked pores [18]. By prolonging the
exposure time further, a decrease in the adsorbed nitrogen volume can
be observed. Thus, the total pore volume (after 48 h) declines with
increasing exposure time. In comparison to that, the decline in BET
surface area is less distinct and remains partially constant after 1 week
(~300 m? g71). In addition, a change in the hysteresis loop can be
observed. Whilst the initial material has a similar shape to H5, with
prolonged contact time, the shape changes to H4 indicating a transition
from a material with open and partially blocked mesopores to a porous
crystalline material [34]. By comparing pore size distributions of the
material after different exposure times, explanations for the observed
trend can be given. As shown in Fig. 10 after 48 h of water exposure the
previously opened mesopores wider than 8 nm start to decompose with
increasing length of time. This suggests an ongoing reaction of water in
the wider mesopores of the material which results in a reduced pore size
and pore blocking. For the present micropores and the smaller meso-
pores, no significant changes are visible after 6 h of exposure. Therefore,
a nearly constant BET surface area despite a decreasing pore volume is
received. In contrast to the storage in air, it is visible that a stronger
decomposition of the sample BN-meso occurs in water. We suggest, that
the decomposition of BN-ref and BN-meso are driven by their hydro-
philic character. As discussed previously with water vapor adsorption,
both materials possess hydrophilic regions and tend to adsorb and react
with water. Thereby boron oxide and ammonia are formed, which
dissolve quickly. A possible explanation for the decomposition occurring
primarily in mesopores would be diffusion inhibition of the reaction
products as they diffuse out of micropores. Thus, a local equilibrium is



J. Hojak et al.
25
BN-meso
] new
2.0 6h
- 48 h
MU’ 11— 1 week
—— 4 weeks
E 1.5
= |
] \
2 101
>
T ]
0.5+
4 V\\
0.0 T /\ / T
0.1 1 10 100

pore width / nm

Fig. 10. Pore size distributions of BN-meso after storage in liquid water.

formed and no further reaction occurs. Another suggestion could be that
the initially opened micropores are surrounded by stable crystalline BN
areas and hence more water stable.

Regarding the water stability of BN-meso, it can be summarized, that
larger mesopores in the material react with liquid water as well.
Nevertheless, the mesoporous sample exhibits, after an initial removal of
boron oxide and reaction with water, a much higher stability than BN-ref
with no further changes in the BET surface area after 1 week. We expect
the higher stability of BN-meso in water to arise from the higher crys-
tallinity and thus lower amount of defect sites. If the water exposure is
compared with the studies on air and vapor stability, it becomes clear
that different mechanisms occur in the pore structure. While the extent
of the reaction with vapor seems to depend strongly on microporosity
and leads to a complete reduction of the micropore surface, the reaction
with liquid water initially leads to a pore opening and thus an increase of
microporosity. With prolonged contact times, wider mesopores are lost,
whilst smaller mesopores and larger micropores remain constant.

4. Conclusion

In the present work, the vapor and water stability of two t-BNs with
different pore structures, a micro-mesoporous sample BN-ref and a
mesoporous sample BN-meso, were investigated. It was shown that the
stability of t-BN is strongly related to its pore size and structure. Larger
mesopores between 8 and 20 nm exhibit significantly higher stability to
water vapor in air than micropores <2 nm, which was attributed to a
reaction of water with the pore surface and micropore blocking. Thus,
micropore surface area and micropore volume are reduced rapidly with
prolonged exposure time which leads to a strong decomposition of BN-
ref. On the contrary, the BN-meso showed much higher stability with an
observable change in the shape of isotherms only after 12 weeks of
exposure to humid air. Moreover, for the sample, no chemical decom-
position was detected by XPS, XRD, or IR. Those findings were further
supported by the direct adsorption of water vapor.

In addition to vapor stability, the stability of BN-ref and BN-meso to
liquid water was also investigated. BN-meso exhibited higher stability to
liquid water as well. However, this could not be attributed to the pore
structure, since there was a visible decrease in pore volume and thus a
reaction with water for both materials. Hence, the lower decomposition
of BN-meso was attributed to the higher crystallinity and lesser defect
sites of the initial material.

To sum up we conclude that mesoporous BN is a much more stable
material for adsorption in gas phase, which may overcome current sta-
bility problems.
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