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ABSTRACT: A second generation of boron nitride-based porous materials has been synthesized
by a double nanocasting process via a carbonaceous template as a medium starting from a zeolite. In
the multistep process, we coupled several synthetic strategies such as chemical vapor deposition
(CVD) and polymer-derived ceramic (PDCs) routes to prepare carbonaceous templates through
infiltration of zeolite Y (FAU structure type) by propylene in the gaseous phase then infiltration of
the carbonaceous replica having a high micropore volume (0.67 cm*/g) with polyborazylene in the
liquid phase followed by pyrolysis and mold destruction. These porous BN-based architectures
present a bimodal pore size distribution with a high portion of micropores (~0.20 cm?/g) that are
unambiguously evidenced by nitrogen physisorption based on a nonporous BN reference isotherm.

They exhibited a high specific area (570 m*/g), a high pore volume (0.78 cm®/g), and a lack of
long-range ordering as evidenced by BET, XRD and TEM experiments. The two first properties allow to open catalyst applica-

tions of these materials.
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B INTRODUCTION

The hexagonal phase of boron nitride (h-BN) is isostructural to
graphite and is the stable phase at room temperature (RT) and
ambient pressure. It attracts increasing interest because of its
properties suitable for a wide range of applications. It offers the
lowest density (d = 2.26 g.cm™) among nonoxide ceramics, a
chemical inertness with molten metals, excellent optoelectronic
properties, a relatively good thermal stability, in particular in air,
as well as specific structural properties such as high thermal
conductivity, electrical insulation and lubricating properties.' ™
However, BN is only produced as powders (mainly plate-like
morphology), coatings and workpieces. In order to develop new
industrial applications of BN, it is required to create materials with
controlled shape (fibers, coatings, composites) and morphologies
(dense, micro/meso/macroporous) as it has been intensively
developed for carbon materials. However, the preparation of these
type of BN materials needs the development of new chemical
methods such as the relatively recent polymer-derived ceramics
(PDCs) route. It is based on the shaping then pyrolysis of
preceramic polymers into ceramics with controlled shapes®™®
and morphologies.” "' Even if it is not well developed at industrial
scale, this route can provide materials with a direct application in
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industry as demonstrated by Clariant,"> Dow Corning,"* and
Starfire systems.'*

Among materials with a high industrial impact, porous mate-
rials hold a significant position as attested by their widespread
use in several industrial processes and household products.
Generally, these materials arise only from modified natural
materials (e.g.,, activated carbons...) or from oxide synthetic
materials (e.g., zeolites). Applications of microporous or meso-
porous materials (pore size below 2 nm and between 2 and
50 nm respectively) are therefore mainly restricted to these two
families of materials. However, there are needs for new com-
positions especially based on nonoxide. BN may be one of the
appropriate candidates. It can propose application in corrosive
environments and microelectronics where the widely inves-
tigated oxide and/or sulfide ceramics cannot work properly.
In particular, we think that it is a valuable alternative to porous
silica beads as supported noble metals catalysts for removal
exhaust gas pollutants or for activity in CO oxidation
reactions.'
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Figure 1. Overall synthetic path employed to generate zeolite-derived BN-based materials with micro- and mesoporosity. Note that the last structure

is in fact disorganized.

The hard-template methodology is well fitted for the pre-
paration of porous BN.''” It allows for the control of both
pore dimension and pore size distribution. Combined with the
PDCs route, the hard-template methodology makes use
of preformatted, hard and porous templates impregnated with
a preceramic polymer to generate porous ceramics after sub-
sequent pyrolysis in oxygen-free atmosphere then destruction
of the mold."®">* Whereas bi- or trimodal porosity is required for
catalyst supports, only BN powders with monodisperse pore size
distribution, mainly mesoporous, have been produced up to now
by the hard template methodology."”

Herein, we report the preparation of BN-based materials with
a high surface area and a hierarchical bimodal porosity. This
second generation of porous BN materials has been prepared
by a double nanocasting process via a zeolite-templated carbon
replica, as schematized in Figure 1. The preparation of these
intermediate carbon materials, first developed by Kyotani
starting with zeolite Y (FAU- structure type)**® has more
recently been extended to other zeolite-structure types such as
BEA” ™ or EMT.>*">® These materials display an ordered
nanostructured and a signification microporosity (up to 1.4 cm®/g)
far above most of commercial activated carbon materials. They
have therefore promising apglications in separation processes>*
and for H, or CH, storage.”® but as far as the authors’ know-
ledge, they have never been used as hard templates for the
nanocasting process. Infiltration of their porosities with a
polyborazylene, precursor of BN, has led here to a novel
zeolite-derived BN-based architecture in which micropores
were clearly evidenced for the first time besides mesopores.
Such materials display potential applications in many fields as
adsorbents, energy storage media, and catalyst supports.

B EXPERIMENTAL SECTION

Materials. The polyborazylene is unstable in air. Therefore, all
manipulations were carried out under inert conditions. Argon
(>99.995%) was purified by passing through successive columns of
phosphorus pentoxide, siccapent, and BTS catalysts. Schlenks were
dried at 120 °C overnight before pumping under vacuum and filling
them with argon for synthesis. Manipulation of the chemical products
was made inside an argon-filled glovebox (Jacomex BS521; Dagneux,
France) dried with phosphorus pentoxide.

Polymer Synthesis. The operating procedure to prepare borazine
was reported in our previously published paper.®® Polyborazylene,
labeled PB, has been synthesized to impregnate the porous structure
of the carbonaceous template. 17.8 g of borazine were introduced at
0°C in a 75 mL autoclave (from Equilabo, France) with a temperature
and pressure controller (Parr N 4836 Model) in an argon-filled
glovebox using Teflon-Lining to easily remove the polymer from the
autoclave. Borazine was gradually heated to 60 °C (1 °C min™"), then
kept at this temperature until stabilization of the internal pressure. The
process created a final internal pressure of 121.1 bar after a dwelling
time of ~240 h. The condensation of borazine generated significant
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amounts of H, which were carefully removed from the autoclave after
cooling down to room temperature (RT). Then, the autoclave was
introduced inside an argon-filled glovebox to recover ~15.2 g of a
white powder with a yield of 85% in weight. Chemical analysis, IR and
NMR characterization data of polyborazylene are reported below.Anal.
Found (wt %): B, 37.46; N, 56.47; H, 5.26; O, 0.79 [B;(N; sH, 5004,
([86.63],). IR (KBr/cm™): y(N—H) = 3445 m; v(B—H) = 2509 m;
v(B—N) = 1435 s; §(B—N—B) = 890 m; §(BH) = 690 m. 'B MAS
NMR (128.28 MHz/ppm): § = 31 (BN,H), 27 (BN,). TGA (N,,
1000 °C, 90.9% ceramic yield): 25—70 °C: Am = 0%; 70—280 °C:
Am = 4.5%; 290—750 °C: Am = 3.5%; 750—1000 °C: Am = 1.1%.

Preparation of the Carbonaceous Replica of Zeolite. Micro-
porous zeolite-templated carbon replica was prepared using a three-
step procedure derived from the one reported by Kyotani et al.*® Five
grams of dried zeolite Y (FAU type) was first heated up to 800 °C
under argon atmosphere in the vertical furnace. At this dwell tem-
perature, the porosity of the zeolite was infiltrated with carbon during
2 h by chemical vapor deposition using an argon-propylene mixture
(2.5% of propylene). A heat-treatment at 900 °C during 4 h under
argon was then carried out to stabilize the negative carbonaceous
replica confined into the porous structure of zeolite. The as-obtained
zeolite-carbonaceous composite was immersed in hydrofluoric acid
(40 wt %) at RT in PTFE systems, and then washed thoroughly with
deionized water. Around 1 g of material was recovered after a drying
step at 100 °C for 12 h. The zeolite-carbonaceous replica labeled C
was characterized by chemical analysis, nitrogen physisorption at 77 K
and X-ray diffraction.

Preparation of the Zeolite-Derived Boron Nitride-Based
Architecture. The nanocasting step was carried out through an
impregnation process in a Schlenk type flask. The microporous carbon,
dehydrated at 150 °C for 4 h under reduced pressure (5 X 107> mbar)
prior to use, was first impregnated with a 10 wt % in THF solution of
PB (300 mg). The mixture was kept unstirred for 24 h at room tem-
perature under static vacuum. The Schlenk-type glass containing the
mixture was heated up to 50 °C under reduced pressure and held at
this temperature for 2 h in order to remove THF. The temperature
was then increased up to 200 °C and kept 2 h to initiate the cross-
linking of PB. Finally, the system was allowed to cool to RT under
constant flow (50 mL min~") of argon and the as-prepared composites
were then transferred into an alumina tube inserted in a horizontal
tube furnace. Subsequently, the sample was subjected to a cycle of
ramping of 1 °C min™" to 1200 °C, dwelling there for 2 h (with a con-
stant nitrogen volumetric flow of 0.039 m* s™" through the tube), and
then cooling to RT at § °C min™" to give a composite sample. The
latter was then shared into two parts. A first part underwent a thermal
treatment in ammonia from RT to 1000 °C overnight to remove the
carbon template, while generating the sample labeled BN-1200-NHj
where 1200 °C is the ceramization temperature and NHj; the gas used
for the carbon template removal. A second part was subjected to
another cycle of ramping of 5 °C min™' to 1450 °C (2 h, with the
same nitrogen volumetric flow and cooling process). It underwent a
thermal treatment in ammonia from RT to 1000 °C overnight which
was completed by a second treatment in air from RT to 600 °C (S °C
min~" with a dwelling time of 4 h) to fully remove the carbon template
and give the sample labeled BN-1450-0,.
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The BN samples, BN-1200-NH; and BN-1450-O,, have been
characterized by elemental analysis, solid-state NMR, XRD, SEM,
TEM, and N, physisorption.

Characterizations. Bulk compositional evolution of samples was
made in the Service Central de Microanalyse de Vernaison (Vernaison,
France) for hydrogen, boron, carbon, nitrogen, and oxygen. The methods
included thermal decomposition of powders under oxygen to measure
carbon and hydrogen contents, under inert atmosphere for the
measurement of nitrogen and oxygen contents and by ICP for boron
content. In addition, powders were analyzed by energy-dispersive X-ray
(EDX). The samples were observed by transmission electron microscopy
(TEM, FEI-Philips CM200) and by scanning electron microscopy (SEM,
FEI-Quanta 400). The X-ray diffractograms were collected with an Xpert
Pro Panalytical with Cu Ka, radiation (4 = 0.15406 nm).

''B MAS NMR spectra were recorded at 11.75 T on a Bruker
AvanceS00 wide-bore spectrometer operating at 128.28 MHz, using a
Bruker 4 mm probe and a spinning frequency of the rotor of 14 kHz.
The spectra were acquired using a spin—echo 6—7—26 pulse sequence
with @ = 90° to overcome problems of probe signal. The 7 delay was
synchronized with the spinning frequency and recycle delay of 1s was
used. Chemical shifts were referenced to BF;(OEt), (§ = 0 ppm).
Spectra were fitted using the DMFIT program.*’

The nitrogen physisorption isotherms were recorded at 77 K on a
Micromeritics ASAP 2420 after outgassing samples at 300 °C during
15 h. Specific surface areas (Sggy) were calculated using the relative
pressure range where a linear representation of the modified Brunauer—
Emmett—Teller (BET) equation proposed in ref 38 is obtained (here
0.01—0.10). Micropores were evidenced by the Dubinin—Radushkevich
(DR) and t-plot methods. The latter method required the isotherm of a
nonporous BN reference material. Because of the absence of relevant
data in the literature, the isotherm of such BN sample was recorded.
That material, obtained by a self-propagating high-temperature syn-
thesis, has a specific surface area of 3.6 m?/g. Although this sample
displays a type-II adsorption isotherm, its nonporous feature was
checked with the Frenkel-Hasley—Hill (FHH) equation,* Vdsef =
(K/In(P,/P))"" where V, dsref 1S the adsorbed volume for this
reference material and H the coefficient of the FHH equation. The
fitted H value, 2.71, was closed to the 2.70 value expected for a good
nonporous standard material. The statistical adsorbed layer thickness ¢
(nm) was then calculated with the following equation, t = 0.354
Vidsret/ Vinonolayer, e Where Viogooiver rof is the volume obtained from
the statistical monolayer derived from the BET surface area for that
reference material.** ¢ values for different relative pressures are given in
Table 2 in the Supporting Information. The multilayer thickness ¢
versus relative pressure was also fitted with polynomial eqs 1 and 2 in
the relative pressure ranges 0—0.01 and 0.01—1 respectively.

t = — 63217(P/P)* + 10204(P/Py)>-2828(P/P,)*

+ 36, 09(P/Py) (1)
t =25, 55(P/Py)° — 56, 22(P/Py)* + 45, 93(P/Py)*
— 16, 83(P/Py)* + 3, 410(P/Py) + 0, 106 @)

The total pore volumes were obtained at a relative pressure P/P, of
0.95. The pore size distribution was determined with the NLDFT
method (Micromeritics software) considering carbon adsorbent and
slit-shaped pore geometry.

B RESULTS AND DISCUSSION

Preparation of the Zeolite-Derived BN-Based Archi-
tectures. In the multistep process depicted in Figure 1, we
coupled several synthetic strategies such as sol—gel, CVD and
PDCs routes to prepare functional BN-based architectures with
a bimodal micro- mesopore size distribution and a significant
pore volume. These enhanced properties, compared to those of
traditional or nanocasted BN materials, are related to the use of
the zeolite-derived carbon replica which displays a high ratio of
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micropores. The latter was obtained by using a single carbon
infiltration step of zeolite Y (CVD of propylene) avoiding thus
a time-consuming double step infiltration process usually nec-
essary for the preparation of faithful carbon replicas displaying a
well ordered microporosity.>**" It allows to prepare easily one
gram of carbon material per batch while preserving micro-
porosity and a high surface area (see below). This high surface
area is stabilized by a large portion of heteroatoms, mainly
oxygen atoms present up to 9 wt %.* It should be mentioned
that we decided to infiltrate the carbonacesous replica rather
that the zeolite template due to the temperatures that are fixed
during the preparation of BN (1200 and 1450 °C). Indeed, for
such high temperatures, the zeolite structure collapses.
Because of the fact that the molecular origin of preceramic
polymers is a key parameter that predetermines the shape and
the properties of PDCs, the choice of the preceramic polymer is
a first crucial factor that affects the preparation of porous PDCs.
Based on its properties, polyborazylene fulfills the particular
requirements to control the various demands with respect to
processing of porous BN. It is synthesized with controlled
cross-linking degrees by self-condensation of borazine at low
temperature inside an autoclave under static argon. Borazine
represents a source of both boron and nitrogen elements with
the correct boron-to-nitrogen ratio and symmetry. It is liquid,
unstable at RT and has a tendency to completely evaporate
during the further ceramic conversion by heat-treatment.* This
fact prevents the preparation of porous BN by liquid-phase
infiltration then heat-treatment inside the porous structure of
the carbonaceous replica. Thus, the key step to produce porous
BN is to control the thermal reactivity of borazine allowing it to
be confined in the carbonaceous replica in a stable process,
then transformed into BN by heat-treatments without
collapsing of the porous structure. The strategy by which this
can be accomplished is to polymerize the borazine into a RT-
stable polymer called polyborazylene before infiltration. We
have recently focused on the synthesis of polyborazylene to
prepare boron nitride shapes including nanotubes®® and
workpieces™ by tuning the operating parameters of the
polyborazylene synthesis. The physical state, viscosity, and
ceramic yield of polyborazylene are tuned by the temperature
of the self-condensation of borazine. A polyborazylene prepared
by self-condensation of borazine below 50 °C is liquid but
remains unstable at RT. It is required to self-condense the
borazine at 50 °C to generate a hquxd compound that remains
stable at RT for several weeks.*® This polymer has been first
used to infiltrate the zeolite-templated carbonacesous replica
but, it was required to adjust its viscosity by dilution in THF to
enhance the infiltration process of the carbonaceous template
which can be simply estimated from the yield and densities.
However, the ceramic yield of this polyborazylene (50.3%
measured under nitrogen atmosphere after decomposition at
1000 °C) was too low to replicate the carbonaceous template
and we obtained a materials with large voids in the pore walls
generating a relatively large porosity, and in turn a large pore
volume with a monomodal porosity (mainly mesoporous)
which finally fits the process of infiltrating CMK-3 template.'”
Within this context, it is required to use a polyborazylene that
exhibits a relatively high ceramic yield to replicate the
carbonaceous template. A thermolysis of borazine at 60 °C
generated a solid polyborazylene labeled PB, ([B;oN;H,sl,s
oxygen values were found to be lower than 2 at % and were
therefore omitted**) which is soluble in THF. The viscosity of
the as-obtained solution can be adjusted, e.g., a solution of PB
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Chemistry of Materials
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Figure 2. SEM images of samples (a) zeolite Y, (b) zeolite-templated carbon replica C and (c) BN replica BN-1200-NH;,

in a 10 wt % in THF is ideal to infiltrate the zeolite-templated
carbonaceous replica before removing THF at low temper-
atures (50 °C) under reduce pressure. Furthermore, it displays a
very high ceramic yield (90.9%), which avoids both the collapse
of the structure during the polyborazylene-to-boron nitride
conversion and the formation of large voids in the pore walls.
The second crucial factor is the nanocasting-pyrolysis-carbon
removal cycle. Table 1 in the Supporting Information summa-
rizes the different experimental conditions used for ceramiza-
tion or the template removal with some of the corresponding
properties of the materials obtained. The number of infiltration-
pyrolysis-carbon removal cycles has to be fixed to optimize the
loading amount of PB to be confined in the carbonaceous tem-
plate. For comparison, two samples have been prepared accord-
ing to one and two infiltration-ceramization cycles (see Table 1
in the Supporting Information). Interestingly, the second cycle
decreases the BET surface and the pore volume of the material
most probably because a large excess of PB; thereby BN does
not infiltrate the template after the first infiltration-pyrolysis
cycle and remains at the surface of the carbonaceous template.
Furthermore, the removal of the carbon template is more dif-
ficult (12 wt % remains) because of the fact that BN acts as a
passivating layer around the carbonaceous replica. This was also
the case by combining a solid PB in the first cycle and the
liquid one (synthesized by self-condensation of borazine at
50 °C) for the second cycle. Within this context, we only
applied one infiltration-pyrolysis-carbon removal cycle with PB
synthesized at 60 °C. It should be mentioned that a duration of
10 h under ammonia is required to eliminate completely the
carbon after a ceramization at 1200 °C for 2 h (sample BN-
1200-NHj;). This duration could be reduced using air at 600 °C
instead of ammonia or should be considerably increased (>20 h)
if ceramization takes place at higher temperature. In the latter
case, the higher density of the C/BN composite associated with
the passivating effect of BN onto C delay probably the carbon
removal. Moreover, trials with a highly microporous zeolite
carbon replica (C-AF-Prop sample presented in Table 1 in the
Supporting Information) leads to a difficult carbon removal of
the C/BN composite. It is believed that its low fraction of
mesopores precludes an indeed PB infiltration into its porosity
and promotes BN deposition on the external surface of the
composite with subsequent passivation of the carbon template.
The thrid crucial factor that affects the properties of porous
ceramics in nonoxide systems is their expected relatively high
sensitivity to oxygen according to their high specific surfaces.
Studies of bulk polymer-derived BN have demonstrated that
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chemical inertness and in particular air-sensitivity is mainly
controlled by the crystallinity of these materials.**** The latter
is adjusted usually by the final temperature of the process.
Nevertheless, if a highly porous material is targeted, an increase
of its crystallinity would be associated to a grain growth by a
sintering process. The resulting decrease in its porosity by
densification of the material would then be at the opposite of
the targeted properties. Moreover, the sintering process could
be strongly restricted according to the fact that BN preparation
takes place in confined media (mainly within the microporosity
of the carbon template). Therefore, a relatively high level of
crystallinity combined with high nanoporosity seems difficult to
achieve. To investigate this aspect, we have prepared two
porous BN samples at 1200 and 1450 °C before elimination of
the carbonaceous template. For the porous BN sample pre-
pared at 1200 °C, the carbonaceous template elimination was
performed under ammonia at 1000 °C for 10 h as previously
mentioned leading to the sample labeled BN-1200-NH;. Whereas
this treatment was efficient to completely remove the carbonaceous
template (see chemical analyses below) through a carbothermal
reaction according to eq 1, it was required to perform a further
treatment in air for the complete elimination of the
carbonaceous template in the porous BN sample prepared at
1450 °C leading to BN-1450-0,.

It is believed that the C/BN-1450 composite is denser than the
C/BN-1200 one and therefore less prone to promote diffusion
of gas (e.g, NH;) within its restricted porosity. The carbon
removal under ammonia is then slowdown.

Thus, only BN samples (BN-1200-NH; and BN-1450-0O,)
resulting from optimized experimental procedures were
investigated in the following of this publication.

SEM Observations. Representative micrographs of the zeolite
Y labeled FAU-Y, the carbonaceous replica C and the zeolite-
derived BN-1200-NH; are shown in Figures 2a-c, respectively.

For the boron nitride replicated material BN-1200-NH;, the
crystalline morphology observed for the zeolite and its carbon
replica (Figure 2a, b, respectively) is partly maintained although
the particles appear to the glued together with an extra BN
phase (Figure 2c). It suggests that a part of the PB has not been
infiltrated into the carbon porosity.

Similar observations have been made for the sample BN-
1450-0,.

dx.doi.org/10.1021/cm201938h | Chem. Mater. 2012, 24, 88—96



Chemistry of Materials

Chemical Analyses and Solid-State NMR. Elementary
analyses have been performed on both BN samples. Data are
reported in Table 1.

Table 1. Chemical Compositions of Samples BN-1200-NH;,
and BN-1450-0, by Elemental Analysis

samples H@t%) C(at%) O (at%) N (at %) B (at %)
BN-1200-NH; 19 1 14 30 36
BN-1450-0, 18 1 15 30 36

On the basis of our expertise in the synthesis of nano-
structured boron nitride***** and taking into account the severe
problems associated with conventional elemental analyses (by
combustion) of nitride,”>**** we investigated elemental analyses
and EDX analysis during SEM observations for boron, carbon,
nitrogen, and oxygen contents. For EDX, we first calibrated
with commercially available BN (from HC Starck) based on the
composition given by the manufacturer. EDX results highly
reflected measurements made by elemental analyses. As a con-
sequence, we have given results obtained from elemental
analyses. First, boron is in excess in comparison to nitrogen,
which is usually observed for BN because the volatility of
nitrogen is larger than that of boron.** Second, we observed a
large ratio of oxygen within samples. We suggest that the O
content level of the samples is due to either the interaction of PB
with the carbonaceous template, which contains around 9 wt %
oxygen® through oxygen-containing functional groups (e.g,
ether, phenol, acid anhydride) or/and to the high reactivity in air
of highly porous BN materials. We measured an empirical
formula B; (N 5Cp03004Hos for both samples that can be
assimilated to: B, (N 5Cg0300.15°0.25H,0 or to 0.85BN/0.03C/
0.15B(OH);. Third, the low concentration of carbon trapped
within the samples demonstrates the efficient carbon template
elimination by ammonia for the sample BN-1200-NH; which
has been completed with air-treatment for the sample BN-1450-
0,. Carbon is not identified by Raman spectroscopy and samples
are homogeneously white.

Here, we investigated solid-state NMR to identify the boron
environment in our samples. 'B solid-state NMR spectrum of
samples BN-1200-NH; and BN-1450-O, (Figure 3) shows a

-
).

50 40 30 20

(b)

-10 (ppm)

Figure 3. Experimental and simulated solid-state I MAS NMR
spectra of (a) BN-1200-NH; and (b) BN-1450-O,.
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large signal in the region of tricoordinated boron atoms that was
tentatively simulated with two sites at 31 ppm (quadrupolar
coupling constant Cq = 2.9 MHz, 17 = 0.3) and 20 ppm (C = 2.7
MHz, 77 = 0.1) assigned to B—N bonds in planar BN, groups44_46
within BN graphitic layers and trigonal BO;, respectively.

The second small signal at &, = 0.6 ppm (no quadrupolar
shape) is indicative of the presence of tetragonal BO,
groups 7~* in minor quantity.

NMR indicates that the reactivity toward oxygen originates
from boron atoms. The relative intensities of the different types
of boron environments are summarized in Table 2.

Table 2. Chemical Shift (reference: BF;(OEt),) and Relative
Intensity of the Different Types of Boron Environments

site
BN, BO, BO,
6 ("'B) (ppm) 30.0 20.0 0.6
Cq (MHz) 29 2.7
" 0.3 0.1
signal intensity (+1%)

BN-1200-NH; 85 13 2
BN-1450-0, 87 12

The relative amount of BO,, sites is less than 15% in both samples
in good agreement with the chemical analysis for both samples.

N, Physisorption. We have first investigated the porosity
of both BN samples in the micropore and mesopore ranges by
N, physisorption measurements at 77 K (Figure 4).

800 - =
Jom . +
. o +++++
T e ++ 1 tjr+++++++++)r
o ] ‘ ’ + +
% 6004 Lonst £+t
o T T
€ 500 +
KA +\d— pmE muns
o 1 #'H“ . " " w
7 Y
E 4004 .+ P
o 1 L - - @A
> 300 2l
3 f N
£ j00p eeecees o 0.2 B AN o ®enan wn aamn
2 am s oo £ ,
2 1 --ZAA A e zeolite Y
< 1004 AL + C-prop-800-2
= BN-1200-NH3
& BN-1450-02
0 T T T T T T T T 7
0,0 0.2 0,4 0,6 08 10

Relative Pressure (P/P)

Figure 4. Nitrogen physisorptions at 77 K for zeolite Y, carbon replica C,
BN-1200-NHj; and BN-1450-O, materials.

On the basis of the isotherm profile, the zeolite Y is
confirmed to be purely microporous (type I isotherm), whereas
its carbonaceous replica displayed type I and IV components.
This indicated both a microporous and a mesoporous features
and the pore volumes have been calculated to be 0.7 and
0.5 cm?/g, respectively. The bimodal pore size distribution (PSD),
confirmed by NLDFT treatment (see the Supporting Information,
Figure 1SI), is related to the preparation process. Here, the
impregnation process in the gaseous phase (propylene) at
800 °C is not optimized for the carbon filling within the intra-
crystallite zeolite domains. After dissolution of the latter, voids
corresponding to mesopores appeared associated also with
collapsed domains. Therefore, in comparison to other gazeous

dx.doi.org/10.1021/cm201938h | Chem. Mater. 2012, 24, 88—96
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carbon precursors such as acetylene® which leads to a highly
microporous materials (1.2 cm®/g) with nearly no mesopores
(0.1 cm’/g), the synthesis conditions used here provide a less
porous and more broadly distributed porous material with a lower
micropore volume (0.7 cm®/g) and a higher portion of mesopores
(0.5 cm®/g instead of 0.1). The specific surface area (SSA) of the
carbonaceous replica C is nevertheless high with 1700 m*/g.

BN samples display type IV isotherms which are character-
istic of mesoporous materials. The hysteresis loop of H2 type
indicates that the samples are formed of a pore network of
different sizes and shapes. BN samples display lower adsorbed
volumes than the carbon replica, which is due to the presence
of nonporous BN on the surface of the replicated BN observed
by SEM and to collapsed-BN replicated domains. Nevertheless,
relatively high SSA values are obtained for BN-based materials:
570 and 460 mz/g for BN-1200-NH; and BN-1450-O, re-
spectively. It is worth noting that these values have been ob-
tained within the adequate relative pressure range (here 0.01—
0.10) where the plot (1—X)/X against 1/V(1—X), with V the
volume adsorbed and X the relative pressure P/P,, give a
straight line. Furthermore, both samples possess high pore
volumes, 0.8 and 0.7 cm3/g (at P/P, =0.95) for BN-1200-NHj,
and BN-1450-0O,, respectively. For comparison, porous BN
obtained by templating process using mesoporous carbon
template®>>> or based on reactive templating®* have pore volume
in the range 0.1 to 0.6 cm’/ g. Most of the time in the literature, a
too large pressure range was taken for the determination of the
specific surface area (0.05 < P/P, < 0.3) and consequently this
latter is often overestimated. Again, the adequate pressure range
is not constant for all materials and must be optimized each time
to get the correct specific surface area.”'

To determine if type I isotherm, characteristic of the pre-
sence of micropores, also contributes to the experimental BN
isotherms, two different procedures have been followed. The
former is based on the Dubinin—Raduskevitch (DR) theory,55
whereas the second is based on the comparison of the experi-
mental isotherms with a nonporous BN sample (¢-plot method).*®
Because adsorption properties are very similar for both BN
samples, only data related to BN-1200-NH; sample are
presented for sake of clarity. Adsorption isotherm redrawn based
on the Dubinin—Radushkevich equation is reported in Figure 5.
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Figure S. Dubinin—Radushkevich isotherms for the BN-1200-NHj
sample.
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Intercept of the linear part of the plot with the ordinate axis
gives micropore volume of 0.20 cm’/ g for BN-1200-NH;
(0.16 cm*/g for BN-1450- O,). Upward deviation of the curves
at low log(P,/P)* is due to capillary condensation in mesopores.

The second analysis of the adsorption data is based on ¢-plot
method. The adsorption isotherm of the porous boron nitride
was then drawn as a function of the multilayer thickness ¢ calculated
based on the nonporous BN reference material (Figure 6).
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Figure 6. t-plot of the BN-1200-NHj; sample.

Because of the large pore size distribution continuously spreads
over between the micro- and mesopore ranges, clear separation
between both types of porosities is not straightforward. Never-
theless, three different domains can be distinguished according
t values. To help the reader, a line passing through the origin
and cutting the isotherm at ¢ = 0.35 nm was plotted. For ¢ below
0.35 nm (P/P, < 0.15), an upward swing is observed. It cor-
responds to a distortion of the isotherm due to enhanced adsorbant-
absorbate interactions that take place in pores of molecular
dimension (e.g.: primary micropore filling (pore size <0.8 nm).
For t values in the range 0.35—1.0 nm (0.15 < P/P, < 0.85), the
upward swing is here attributed to both a cooperative filling in
secondary micropores (0.8 nm < pore size < 2 nm) and to a
capillary condensation within the broadly distributed mesopore
structure. At the completion of the mesopore filling, t > 1.0 nm
(0.85 < P/Py < 1), unrestricted multilayer adsorption on the
external surface area occurs. Its contribution to the total surface
area has been estimated to 69 m?/ g

The pore size distribution was determined by the DFT
method (Figure 7).

Because of the absence of adapted kernel for BN materials, DFT
approach developed for carbon materials with slitlike pores was
used. Thus, one has to keep in mind that differences might exist
between the real PSD and the calculated one. As previoulsy
evidenced, a broad PSD of the sample with micro- and mesopores is
observed. The contribution of micropores appears to be here close
to 0.1 cm’/g; this value is quite comparable to the 02 cm’/g
determined by the DR method, an analysis that is known to
overestimate the micropore volume by taking into account the
contribution of small mesopore.*® Mesopores sizes extend up to
14 nm. The surface area determined by this technique with slitlike
pore geometry is 400 and 340 m*/g for BN-1200-NH; and BN-
1450- O, samples, respectively.
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Figure 7. Pore size distributions obtained by DFT method (full line)
and corresponding cumulative pore size distribution (square symbol)
for the BN-1200-NH; sample.

These different treatments of N, adsorption data (DR, t-plot)
have unambiguously demonstrated for the first time, the pre-
sence of microporosity within BN-based materials.

*
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Figure 8. XRD patterns (Cu Ka radiation) of zeolite Y, carbon replica
C, BN-1200-NHj;, and BN-1450-O,. Small peaks labeled by a *
correspond to boric acid B(OH); (ICDD 00—030—0199).

XRD. X-ray diffraction diffractograms of the different samples
are presented in Figure 8.

As expected, the zeolite FAU Y presents sharp peaks with
significant intensities related to its crystalline nature in all the
20 range. The carbonaceous replica C displays only one broad
peak around 6.2° (260) at the same position of the most intense
peak of the zeolite phase. This feature is well-known for zeolite-
templated carbon replicas.”®*" It indicates that a long-range
ordering, with a periodicity around 1.34 nm arising from the
zeolite template, is preserved. In contrast, both BN samples
BN-1200-NH; and BN-1450-0O, did not display peaks in this
20 range indicating the lack of porosity organization after the
double nanocasting process. Indeed, it is well-known in hard-
templating®” and more in “repeated templating”>>® that each
step of the process leads to a progressive loss of structuration
compare to the starting template due to a noncomplete filling
of the template and/or a collapse of the replicated structure.
This feature is here even more pronounced with microporous
templates difficult to infiltrate. The degree of organization
(at the nanometric scale) decreases and appears then, after the
second step, to be undetectable with XRD technique, which
is a technique sensitive to the long-range ordering. More sur-
prisingly is the absence of crystallization for BN-based materials
(here at the atomic scale) even after high temperature-treat-
ment (1450 °C). This phenomena was also confirmed by
HRTEM (see below). The origin of this unusual behavior could
be attributed to the nanoconfinement of BN material within the
porosity of the zeolite-templated carbon replica. This porosity
(mainly micropores) is lower than those of mesostructured
carbon-templates used in previous studies (e.g, CMK-3); it
could preclude the crystallization of the material on a long—
range scale detectable by XRD. Similar features have already
been encountered for nanostructured carbons synthesized in
confined media by hard-templating technique.® It was shown
that steric limitations imposed by the template’s mesoporosity
lead to misorientation of carbon-structural units; the absence of
preoriented graphene domains preclude then their layer
stacking and the carbon materials did not graphitized easily
compared to bulk samples prepared in similar conditions. Such
behavior could occur in the case of our BN-based materials.

As previously mentioned, these samples contain a significant
amount of oxygen. Its presence is partly evidenced by XRD (see
Figure 8) with traces of boric acid (B(OH);). Oxygen has shown
to promote crystallization of bulky BN®" but this trend appears not
to happen here probably because of the strong confinement effect.

(2)

Figure 9. HRTEM images of (a) BN-1200-NHj; and (b) BN-1450-0,.
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Transmission Electronic Microscopy (TEM). TEM
(Figure 9) performed on the two BN samples highly reflected
BET and XRD results.

Both samples appeared to be relatively highly porous without
long-range nano-ordering and crystalline domains. We can
especially distinguish a nanostructure made of porous nano-
polyhedral shapes with a pore size of about 5—10 nm and a very
thin shell thickness (1—2 nm).

Bl CONCLUSION

In summary, amorphous boron nitride-based porous materials
have been obtained by a double nanocasting process starting
from zeolite in which we sequenced several synthetic strategies
coupling chemical vapor deposition (CVD) and Polymer-
Derived Ceramic (PDCs) routes. In a first step, we prepared
carbonaceous templates through infiltration of Zeolite FAU Y
by propylene in the gaseous phase before dissolution of zeolite
in HF and, in a second step, we infiltrated the carbonaceous
replica having a high micropore volume (0.67 cm?®/g) with
polyborazylene in the liquid phase followed by pyrolysis and
mold destruction. These porous BN-based architectures are
amorphous. This unusual amorphous behavior is attributed to
the confinement of BN materials within the nanometric
porosity of the zeolite-templated carbonaceous replica. They
display a bimodal pore size distribution with a high pore
volume (0.78 cm®/g) and a high portion of micropores (~0.20
cm®/g) and specific surface areas up to 570 m’/g. The unique
combination of the properties of the proposed porous structure,
ie, low density, high geometric surface area, permeability, and
dimensional stability with the intrinsic properties of BN such as
thermal shock resistance, thermal conductivity, dielectric constant,
and resistance to chemical corrosion and molten metals render
this class of porous architectures promising for specific functional
purposes of significant interest such as filtration membranes,
catalyst carriers, and even scaffolds for bone replacement. In
particular, these porous BN can be shaped directly into monolith
or honeycomb forms including some catalytically active material.
Furthermore, they could be modified for specific catalytic
applications through the addition of metals. We think that such
porous BN are used as support of transition metals to elaborate
homogeneous or heterogeneous catalysts®>*® that make dehydro-
genation of chemical hydrides by thermolysis or solvolysis milder,
respectively. Besides, in thermolysis, BN acts as an ideal host of
hydrides such as ammonia borane, in which dehydrogenation can
then occur at lower temperatures than that observed for the
pristine material.** Such a study is under investigation and will be
published separately.
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