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This review describes the elaboration of ordered mesoporous non oxide materials such as BN and
SiBCN and the subsequent fabrication of derived monoliths by Spark Plasma Sintering using the as-
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www.rsc.org/ Inorganic porous materials are widely used in a number of applications, where there is a need

to produce materials with a controlled and/or multiscale porosity. In this category, periodic
mesoporous boron- and silicon-based non-oxide ceramics frameworks with p6mm hexagonal
symmetry attract increasing interest due to their plenty of unique properties, functionalities and
potential applications. These materials are prepared by a hard-templating route (=nanocasting)
of ordered mesoporous templates including silica (SBA-15) and carbon (CMK-3). In the first
part of this perspective, the synthesis approach of ordered mesoporous boron nitride (BN) and
silicoboron carbonitride (Si/B/C/N) is emphatically described including precursor selection and
synthesis, nanocasting process, pyrolysis and template removal. In order to satisfy the
requirement for practical applications, the second part of this perspective describes how a
convenient powder processing approach that adopts the flexibility of powder-based processes
(spark plasma sintering (SPS)) has been employed to produce without the use of any sintering
additives mechanically stable, hierarchically porous BN and Si/B/C/N monoliths from ordered
mesoporous powders.

A Introduction

The technological progress continuously calls for better
advanced materials with optimized and new properties.
Advanced materials span the whole organic — inorganic
spectrum: 90% are polymeric and the remaining 10% are
inorganic. Inorganic materials generally exhibit high chemical,
mechanical, structural and thermal stabilities to be used in
applications. In this category,
represent the materials of choice to operate in severe conditions
such as in harsh environments (basic, acidic) and at high
temperatures (~ 900 °C). The main family of ceramics having a
great extent of physical and chemical properties, which are
extensively used today is oxide. Therefore, the majority of
studies in materials chemistry and physics are focused on such
materials which are nowadays the best characterized group of

thermostructural ceramics

This journal is © The Royal Society of Chemistry 2013

inorganic compounds. However, they do not always cover the
current technological needs, especially as porous candidates
according to their limited thermostructural and thermochemical
stabilities. Accordingly, there are growing efforts to find new
oxygen-free compounds these

satisfying technological

requirements for porous materials. The most promising
candidates for that are carbides, nitrides and carbonitrides.

In oxygen-free nitride ceramics, the nitrogen atom is
combined with an element of similar or lower electronegativity
such as boron, silicon and most metals. Nitrides contain the
nitride ion N* and we can distinguish two categories of
nitrides: the ionic-covalent family of nitrides and the transition
metal series of the periodic table. In the category of covalently-
bonded nitrides, the interest for hexagonal-boron nitride (A-BN
but expressed here as BN) grew during the past decades in

relation with its unique combination of key properties. BN is a
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synthetic material, which was discovered in the early 19™
century and developed as a commercial material at the latter
half of the 20™ century.' BN is similar in structure to graphite
and consists of a honeycomb structure of boron and nitrogen
atoms linked by sp® hybridized orbits and held together mainly
by Van der Waals force. In comparison to graphite, the layered
BN hexagons are arranged vertically and each nitrogen is
surrounded by 2 boron atoms of the adjacent layers.> The polar
nature of the B-N bond in sp>-bonded BN makes it a wide band
gap insulator with different chemistry on its surface and
exciting physical and chemical properties including, high
thermal conductivity, high temperature stability and high
resistance to corrosion and oxidation and strong UV emission.>
"It is chemically inert, nontoxic and it has good environmental
compatibility." BN also has enhanced physisorption properties
due to the dipolar fields near its surface.® As porous, BN exhibit
unique physical and chemical properties for applications in
various fields especially those related to adsorption like gaseous
uptake, pollutant adsorption and catalyst supports as well as
those related to DNA translocation.” '

Beside nitrides, oxygen-free carbonitride ceramics represent
a large family of materials combining carbon and nitrogen
elements. There are two categories of carbonitrides: on the one
hand those with C-N bonds such as the nominal composition
C3;N,"° and in the other hand the systems combining distinct
nitride and carbide phases and free carbon such as the Si/C/N
and Si/B/C/N systems.'®'” The latter exhibit atomically
homogenous elemental distributions and their main interest is
the stability of their amorphous network at very high
temperature. As an illustration, carbonitride ceramics based on
the quaternary system Si/B/C/N are highly durable and display
properties targeted for thermostructural applications.'®>°

The fabrication of nitrides and carbonitrides is usually made
by conventional powder technology requiring nitridation or
carbothermal reaction of oxide compounds and use of additives
during the further sintering process. Beside the fact that the use
of oxide inherently induces the presence of oxygen-containing
phases, the possibility to envisage nitrides and carbonitrides
with shape, composition and texture complexities of the part
which can be manufactured, especially those that display
hierarchical = porosity, e.g. micro and/or mesopores
interconnected with a continuous macropores network, is rather
limited. Within this context, a “ceramic through chemistry”
concept has to be applied.*'*

The Polymer-Derived Ceramics (PDCs)
features that can extend the composition, texture complexity
and therefore application of non-oxide ceramics.'¢"7*3* Tt is
indeed particularly adapted to the preparation of porous
materials through the so-called nanocasting, i.e., hard-template,
methodology.'#2%4% The so-called nanocasting provides
access to tunable pore morphologies and allows to elaborate
architectured PDCs by ) replicating the
nanostructure/architecture of a template material into a locally
ordered pore system through the impregnation of the template
with a preceramic polymer solution or melt, (ii) performing the
subsequent pyrolysis then (iii) removing the mold. The

route offers
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combination of the PDCs route and the nanocasting process is
usually focused on the production of micrometer-sized powders
with ordered mesoporosity. Mesoporous materials are
interesting because their pore size is similar to the dimensions
of many molecules, which suggests that these materials could
be potentially useful in separation and catalytic processes.
However, mesoporous powders have some difficulties in
practical use and as a consequence a limited application.
Practical applications require that the porous material is
available in macroscopic form such as monolith.

The current technology for producing porous non-oxide
ceramic monoliths involves extrusion or pressing powders
together with sacrificial and sintering additives into an
engineering shape, removal of all sacrificial additives and
finally sintering at high temperature. Sintering additives are
usually added to impart high mechanical strength. As an
alternative, it would be interesting to combine the elaboration
of ordered mesoporous powders with an approach that adopts
the convenience and flexibility of powder-based processes such
as spark plasma sintering (SPS) (Figure 1).
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Figure 1. Overall synthetic path employed to generate hierarchically
porous PDC monoliths coupling the PDCs route with nanocasting and
SPS processes.

Herein, we review the preparation and characterization of
Ordered MesoPorous BN and Si/B/C/N ceramics (labeled
OMPX with X being the considered system (BN or Si/B/C/N))
and their processing to prepare Hierarchically Porous BN and
Si/B/C/N monoliths (labeled HPMX) through SPS of the
ordered mesoporous powders without the use of any sintering
additives. These materials can represent potential candidates for
integration into a device set-up where they could find
applications as robust supports or host materials.

B Synthesis of ordered mesoporous BN and Si/B/C/N
powders

Requested characteristics for the preparation of the polymer-
derived ordered mesoporous ceramics are the following:
(1) The precursors are highly soluble for processability.

This journal is © The Royal Society of Chemistry 2012
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(2) The thermal decomposition occurs with a relatively low
weight loss avoiding depolymerization and volatilization of
low-weight molecular species for controlling porosity.

(3) The final temperature of template removal should be
optimized to generate stable materials without loss of
porosity.

However, combining such properties in only one molecule
remains an ambitious objective to reach.

A BN and Si/B/C/N precursors

BN precursors are usually of two types. We can distinguish

borazine and their derived polyborazylene® and B-
tri(lmethylamino)borazine and the derived poly[B-
(methylamino)borazine]. In our group, poly[B-
(methylamino)borazine] is an appropriate candidate to

successfully prepare BN fibers and ordered mesoporous
BN.*#76! " B_tri(methylamino)borazine is composed of a
borazine ring capped by N(H)CH; groups bound to boron
atoms. The exact structure of the derived polymer, i.e., poly[B-
(methylamino)borazine], is not known. Presuming quantitative
methylamine condensation of B-tri(methylamino)borazine, a
polymer structure as presented in Fig. 2 is expected. Fig. 2
shows that the chemical environment of nitrogen atoms is
modified during the polymerization, while boron atoms remain
in a BN; environment.

oo o
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B-tri(methylamino)borazine Poly[B-(methylamino)borazine]

Figure 2. Methylamine condensation of B-tri(melthylamino)borazine
yielding poly[B-(melthylamino)borazine].

Previous NMR investigations of Poly[B-
(MethylAmino)Borazine]  (PMAB,  [B;3(N4¢Cs Hos],)>>""
showed that the buiding blocks of a typical poly[B-
(methylamino)borazine] are composed of borazine rings, which
are connected via a majority of NCH; bridges and a small
amount of NBj;-containing motifs forming a cross-linked
network. This branched molecular network is capped by a low
proportion of peripheral N(H)CH; groups.

There are two main single-source molecular systems that
lead to Si/B/C/N ceramics. The first synthetic pathway
pioneered by Riedel et al. focuses on the synthesis of Boron-
Modified PolySilazanes (BmPSs) of the type
[B(C,H,SiCH;NH);], (C,H, = CH;CH, CH,CH,).>' They
represent polysilazane rings which are cross-linked via -C-B-C-
bridges (Fig. 3). The second approach proposed by Jansen et al.
makes use of the synthesis of polyborosilazanes,
polysilazanes cross-linked via -B-N-B- bridges.?®

ie.,

This journal is © The Royal Society of Chemistry 2012
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Figure 3. Synthesis procedure and idealized structures of BmPS of the
type [B(C2H4SICH3NH)3]n (C2H4 = CH3CH, CH2CH2)

In our own group, we have explored additional examples of
BmPSs synthesis, and some progress has been made in
understanding some of the stepwise chemistry that takes place
in the formation and decomposition of single-source precursor
systems. As an example, we re-investigated the synthesis of the
BmPS of the type [B(C,H,SiCH;NH);], (C,H, = CH;CH,
CH,CH,) which was pioneered by Riedel et al. using lithium
amide (LiNH,) instead of ammonia as a network building agent
with TrisDichloroSilylethylBorane (TDSB) (Fig. 4)."” Further
unpublished extensions on this system revealed that LiNH,
allowed us to precisely controlled the quantity of -NH, groups
idealized

introduced in the polymer building block of

composition ([SizB;Ci¢sN30Has s],)-

R R'
]\3 \
R\ _CH; R\ _CHy
cH CH
\ +6 LiNH, [
Cl—Si—Cl ———= 1 Si—N
| -6 LiCl | |
CH CH, H

n

R = C,H,Si(CH,)Cl, R'= C,H,Si(CHyN(H)-

Figure 4. Reaction between TDSB and LiNH, leading to BmPSs of the
type [B(C2H4SICH3NH)3]n (C2H4 = CH3CH, CH2CH2)

The BmPS considered here is expected to be composed of
cyclic silazane units [-Si-N-], which are bridged by BC; units.
Formally, every chlorine atom present in TDSB (6 atoms) is
substituted by a NH, group. Subsequent condensation yields Si-
N(H)-Si units. Ammonolysis with ammonia therefore requires
at least 9 eq. of linking agent referred to TDSB. With LiNH,
(Fig. 4), 6 eq. referred to TDSB are required.

Both tetrahedral (distribution of BC N3
environments that can be assigned to BC;, BCN, and BC,N

and trigonal
units) boron coordinations are present as it is usually observed
for boron-modified polysilazanes.>** The polymer displays
silazane rings with Si(CH;3)(NH),, Si-CH(B)-CH; and Si-CH,-
CH,-B units confirming the lack of regio-selectivity of the
borane dimethylsulfide according to the presence of both
namely CHCH; and -CH,CH,-
interconnecting Si and B in the native polymer.

structural units, bridges

B Synthesis of ordered mesoporous BN and Si/B/C/N powders

The use of carbon templates is generally preferred to confine
preceramic polymers due to the pore surface chemistry of
carbonaceous template that involves more complete pore
filling, the expected better chemical compatibility of carbon
with ceramic precursors and the opportunity to replicate the real
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structure of silica. Mesoporous silica SBA-15 was prepared by
hydrothermal synthesis then used as hard template to prepare
mesoporous carbon CMK-3 by impregnation with sucrose
according to established procedures.®>®® CMK-3 exhibited a
highly ordered 2-D hexagonal mesostructure with a specific
surface area of 1052 m2.g”' and pore diameters of 3.5 nm. The
direct solution infiltration of CMK-3 with the previously
described polymers at RT for 48 h under static vacuum is an
effective method to fully infiltrate the pores of the template.
The weight ratio of the polymer:template is optimized whereas
an important step is the subsequent filtration step that consists
to selectively remove the precursor molecules deposited outside
while the capillary forces kept the precursor molecules
effectively inside the pores. A further crucial part is the post-
treatment of the infiltrated template at low pressure (5.10 mbar
at 40 °C) in order to slowly remove the solvent while
generating a black powder. Lastly, the subsequent heat-
treatments also are challenging because the ceramic yield has to
be the highest possible to keep the maximum of products
confined in the porosity of the template after the ceramic
transformation and obtain after the template removal step a
porous component with the expected ordered mesoporosity. It
should be mentioned that the number of impregnation-pyrolysis
cycles is optimized. However, as mentioned above, combining
high solubility and high ceramic yield in a same polymer is
complex. Indeed, a number of factors, such as the polymer
structure, the molecular weight, the degree of cross-linking, i.e.,
the structure of the polymer backbone and the nature of the
functional groups that are attached to main polymer chain
strongly, influence both properties.

Poly[B-(methylamino)borazine] exhibits an appreciable
thermal stability up to ~150 °C in flowing nitrogen (Fig. Sa).
The decomposition under nitrogen atmosphere occurs through
two main steps from ~150 °C up to 450 °C and from 450 °C to
700 °C. The as-produced residue is obtained in ca. 58 % yield
at 1000 °C and its black colour suggests that carbon is retained
upon heating to 1000 °C. The associated DTG curve
distinguishes four regions during decomposition. This finding is
confirmed using the Lorentz simulation, since a simulated four-
peak curve really matched the weight loss rate of the poly[B-
(methylamino)borazine] as a function of temperature. Each
weight loss is associated with two steps which seem to proceed
simultaneously.

Weight losses and decomposition rates (Differential
Thermogravimetric (DTG) data) have been also monitored
during thermal decomposition of BmPS of the type
[B(C,H,4SiCH3;NH);], (C,H4 = CH;CH, CH,CH,) by TGA in
flowing nitrogen up to 1000 °C (1 °C/min). The result is shown
in Fig. 5b. Thermal degradation under nitrogen occurs through
a continuous single-step weight loss from 80 °C up to 700 °C
providing a black residue. The weight loss after thermolysis at
1000 °C measures ca. 46 %.
distinguishes several decomposition steps. The plotted curve is
characterized by one temperature Ty, = 305 °C at which the
decomposition rate is maximum, but the presence of smaller

The associated DTG curve

peaks and the broadening and asymmetry of some peaks due to
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peak overlapping, suggested a more complicated decomposition
process which has been simulated with five peaks using the
Lorentz multi-peaks function.
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Figure 5. TGA, experimental and simulated DTG curves for poly[B-
(methylamino)borazine] (a) and BmPS of the type
[B(C,H4SiCH3NH);3], (CoHs = CH3;CH, CH,CH,) (b) in a nitrogen
atmosphere. Heating rate: 1 °C/min.

At 1000 °C, B/C/N@CMK-3 and Si/B/C/N@CMK-3
samples are obtained. Subsequently to the pyrolysis step, the
template removal is achieved under ammonia through heat-
treatment at 1000 °C with a dwelling time of 5 h. The heating
rate is fixed at 5 °C/min. Decomposition starts at 750 °C and
continues during the plateau at 1000 °C. A dwelling time of 5 h
is required to match the expected weight loss according to the
quantity of carbon template used during the polymer
impregnation. In fact, this treatment has two objectives: it
allows the removing of the template while a part of the residual
carbon present in B/C/N and Si/B/C/N samples was removed.
This offers the interest to prepare OMPBN from poly[B-
(methylamino)borazine] free of carbon whereas OMPSi/B/C/N
samples are produced after pyrolysis at 1000 °C with free
carbon in a lower content in comparison to conventional
polymer-derived Si/B/C/N  materials. The samples are
generated as micron-sized plate-like powders with an excellent

This journal is © The Royal Society of Chemistry 2012
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order after the template removal as shown through the HRTEM
images (See Supporting Information in Fig. SII).

The cross-section HRTEM
hexagonal (honeycomb-like) arrangement of the mesopores

images clearly display a

with regular diameters in the mesopore domain. Textural
properties of both samples are summarized in Table 1.

Table 1. Textural properties of samples OMPBN and OMPSi/B/C/N.

Total BET Average
Mesopore

Pore Surface Pore
Sample Volume X

Volume (em¥/g)" Area Diameter

(cm/g)" & (m’g)  (am)
OMPBN 0.73 0.22 1100 4.1
OMPSIi/B/C/N 0.78 0.73 544 4.6

“Total Pore Volume at P/Po = 0.95
Calculated according to the BJH (adsorption branch between 0.4 < P/Po < 0.95)

Based on BET experiments and the IUPAC classification of

the sorption isotherms®’

, the pore size distribution showed a
mesopores population centred on 4.1 nm (OMPBN) and 4.6 nm
(OMPSI/B/C/N) whereas the total pore volume was 0.73 cm®/g
(OMPBN) and 0.78 cm®g (OMPSi/B/C/N). The specific
surface area was 1100 m?g (OMPBN) and 544 m?g
(OMPSI/B/C/N) (Table 1). The difference in terms of BET
surface area between both samples is difficult to explain
whereas the ceramic yields of both polymers are similar. This
results from the difference in the solubility of the polymers: the
poly[B-(methylamino)borazine] exhibits a higher solubility in
common solvent than the BmPS of the type
[B(C,H4SiCH;NH);], (C,H4 = CH;CH, CH,CH,). It should be
mentioned that the N, adsorption-desorption isotherms of
OMPSIi/B/C/N is discussed later together with the N,
adsorption-desorption isotherms of HPSi/B/C/N.

LA-XRD experiments allowed us to calculate a lattice
parameter a;o0 of 830 nm (OMPBN) and 8.01 nm
(OMPSI/B/C/N) according to the presence of a clear diffraction
peak with d = 7.2 nm (26 = 1.08 °, OMPBN) and 6.94 nm (26
= 1.27 °©, OMPSIi/B/C/N) assigned to the (100) reflection of the
2-D hexagonal lattice (space group P6mm) (See Supporting
Information in Fig. SI2).

C Processing of ordered mesoporous BN and Si/B/C/N powders
into monolith-type parts

Powder processing is the preferred method of producing
ceramic materials. In the early sixties, Japanese researches
designed a process where an applied electric current induced
the necessary temperature increase to sinter
powders.®®*%° Several companies produced machines based on
this invention according to the significant interest of both the
academic and industrial communities. Spark Plasma Sintering
(SPS) is one of these processes.

SPS is a pulse current processing that has mainly been used
to produce dense ceramic materials.”® In the process, the pulse
direct current used can pass through the graphite die, punch
rods and the samples causing the acceleration of the neck

various

This journal is © The Royal Society of Chemistry 2012

formation between the grains compared to the other sintering
techniques. Combined with the rapid heating rates which
suppresses grain growth, a fine-grained micro-/nano-structure is
obtained. The detailed understanding of the process is still a
topic of intense debate but this is not the topic of the present
paper. Because of the rapid heating rates, materials processing
is complete within short periods of approximately 30 minutes.
The possibility to process materials at comparably low
temperatures combined with short processing times enables
tight
densification. SPS can also be used to produce partially sintered

control over grain growth, microstructure and
materials from different powders. For example, there are
reports on the preparation of porous materials using SPS such
as zeolithes”'7?, alumina’?, silica’®. Porous silicon carbide have
also been prepared by SPS at 1900-2000 °C from nanosized 3-
SiC and sintering additives (a-Al,03, Y,03, AIN). Porosities in
the range 32-39 % have been measured with no indication of
the specific surface area.”

Here, we describe how spark plasma sintering (SPS) has
been employed to produce mechanically stable, hierarchically
meso/macro from OMPBN and
OMPSIi/B/C/N should be that

hierarchically porous materials with well-defined macroscopic

monoliths
67T

porous

samples. noted
shapes (e.g. cylinders) are commonly called monoliths in the
scientific literature.

Because of the formation of multiscale porosity is strongly
affected by the temperature of sintering which depends on the
structure and composition of the considered material to be
sintered, it is necessary to distinguish BN and Si/B/C/N
materials according to their structural difference.

BN is a crystalline compound located between IIT and V
group elements in the Periodic Table with such a system. It is
important to find a compromise which allows obtaining a
sufficient crystallinity (to propose the intrinsic properties of
BN) without affecting the specific surface area.

Si/B/C/N materials are in general amorphous and exhibit
atomically homogenous elemental distributions. The use of
amorphous inorganic networks is appeared to be a promising
approach to solve or limit the problem of cleavage along the
lowly indexed lattice planes in crystalline materials leading to
their brittleness. Although Si/B/C/N materials are not in the
global thermodynamic equilibrium state, which might be a
disadvantage with respect to the desired thermal and/or
mechanical durability, they demonstrated high kinetic stability,
and thus durability because of an appropriate choice of the
element combinations which compose the ceramic network.
However, the risk of temperature-induced structural and
textural changes, e.g. phase transformation of the amorphous
Si/B/C/N  phase into the thermodynamically phases
(SizN4/SiC/B(C)N/C) and pore collapse, typically limit the
maximum temperature for this composition.

Based on the dilatometry curves for each system, we
decided to fix a SPS temperature of 1600 °C for OMPBN
samples and a temperature of 800 °C for the Si/B/C/N system
(OMPSI/B/C/N). These the
temperatures proof the strong correlation between the ceramic

differences in sintering
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composition/structure and the temperature of the process. In
addition, SPS experiments have been performed without
pressure (OMPBN) or under a low compressive stress (16
MPa, OMPSIi/B/C/N) using a classic heating rate (100 °C.min
') with the objective to retain a certain level of mesoporosity
present in the pristine powders while creating novel forms of
porosity using, in particular, the space formed by necking
between the grains. Typical examples of the monoliths labelled
HPBN and HPSi/B/C/N are presented in Fig. 6.

Figure 6. Photographs and corresponding SEM images of the samples
OMPBN (a) and OMPSi/B/C/N (b).

No cracks were found in these monoliths by the naked eye.
All monoliths discussed in this paper have an excellent tablet-
like appearance and replicated the cylindrical shape of the
fabrication die.

The SEM image of the fracture surface for each samples
(Fig. 6) showed a microstructure with a grain morphology
which differs from that one observed in powders. "Necks" are
formed around the area of contact between particles which is
the results of a powder sintering by SPS.”® This is particularly
true for BN samples most probably due to the high SPS
temperature which has been applied. Furthermore, we clearly
observe the presence of voids with different shapes and
diameters resulting from the limited densification of powders. It
should be mentioned that grain growth does not occur during
sintering since XRD patterns of as-obtained monoliths are
similar to those of pristine powders (See
Information in Fig. SI3).

The mesostructural ordering of the monoliths investigated
by LA-XRD measurements confirmed that the mesostructural
ordering observed in OMP samples is retained in the derived
monoliths (HP) with a d,oy value of 8.0 nm (HPBN) and 7.29
nm (HPSi/B/C/N) and a deduced cell parameter aoo of 9.23 nm
(HPBN) and 8.42 nm (HPSi/B/C/N). Samples HPBN and
HPSi/B/C/N are particularly interesting because they
demonstrated mesoporosity according to the nitrogen sorption
isotherms. As an illustration, we present the BET isotherm of
HPSi/B/C/N samples (Fig. 7). Analysis of the isotherms
demonstrated that the monoliths show IV type-curve typical for
mesoporous adsorbents with distinct capillary condensation
branches in the relative pressure ranges 0.40 - 1.0. This
suggested that the materials retain open/closed mesoporous
channels as it has been observed for pristine powders. On the

Supporting

6 | J. Name., 2012, 00, 1-3

New Journal of Chemistry

other hand, the shape of isotherms is asymmetrical with a
desorption branch steeper than the adsorption branch at a
relative pressure (P/Po) from 0.40 to 0.72 indicative of H2
hysteresis loops which are generally found in disordered porous
materials or in ordered mesoporous material with 3-D cage-like
pores and interconnected pores.””®® The absence of large gas
adsorption at low relative pressure values reflected the
disappearance of micropores which are present in the pristine
powders.
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Figure 7. N, adsorption-desorption isotherms of samples HPSi/B/C/N.

The corresponding textural properties obtained for monoliths

are presented in Table 2.
Table 2. Textural properties of samples HPBN and HPSi/B/C/N.

Total Meso BET Average
Pore pore Surface Pore
Sample Volume .
Volume (em¥/g)" Area Diameter
(cm/g)* & (m/g)  (nm)
HPBN 0.33 0.20 428 43
HPSi/B/C/N 0.35 0.33 154 6.4

“Total Pore Volume at P/Po = 0.95
PCalculated according to the BIH (adsorption branch between 0.4 < P/Po < 0.95)

Analysis of the isotherms allowed to measure specific BET
surface areas ranging of 428 (HPBN) to 154 m?/g
(HPSi1/B/C/N) which decreased by more than 2 in comparison
to OMP samples due to the collapse of the microporosity. The
mesopore size was centred at 4.3 nm (HPBN) and 6.4 nm
(HPSi/B/C/N) whereas the total pore volume decreased to 0.20
cm3/g (HPBN) and 0.33 cm3/g (HPSi/B/C/N) which confirmed
the compaction of monoliths during SPS experiments.

The presence of mesopores in the monoliths is also
confirmed by HRTEM experiments as shown with the HPBN
sample (Fig. 8). It is difficult to distinguish a periodically
ordered mesoporosity in the sample HPBN with low resolution
TEM. In contrast, HRTEM allowed observing the presence of
mesopores which are mostly surrounded by stacked BN layers.
They seem to be locally ordered. Based on these observations,
it is proven that SPS retains a minimum level of ordered
mesoporosity (intragranular porosity) present in samples.

This journal is © The Royal Society of Chemistry 2012
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Figure 8. TEM images of the sample HPBN.

Table 3 reports the data obtained by helium pycnometry.

Table 3. Data collected by Helium pycnometry of samples HPBN and
HPSi/B/C/N.

Bulk Helium Macropore Porosity
Sample Density®  Densit; Volume (%)
y y ( em’ /g)b (4
HPBN 0.786 2.18 0.63 64
HPSi/B/C/N 0.676 221 0.70 69

“ Ratio of the mass of the monolith sample and its total volume(three replicate determinations have
been achieved for the determination of this property)
b Caleulated according to0 Vigers = 1/dy-1/d), ~Vyeso (by deliberately omitting microporous volume).

The bulk (from 0.676 to 0.786) and helium (from 2.18 to
2.21) densities of both samples are very close. Therefore, the
deduced porosity of samples decreased from 69 %
(HPSi/B/C/N) to 64 % (HPBN) which demonstrated that SPS
experiments allowed retaining a very high porosity in the
monoliths.

The macropore volume was calculated based on Eq. (1).

Vmacropores = 1/dB'lldHe: - Vmesopores (1)
, where dj is the bulk density (ratio of the mass of the monolith sample
and its total volume which includes particle volume, inter-particle void
volume and internal pore volume) and dy. is the helium density

measured by helium pycnometry.

It should be mentioned that we have neglected the
contribution of micropores in Eq. (1) based on BET
experiments which highlighted an absence of large gas
adsorption at low relative pressure values in monoliths.
According to Eq. (1), we calculated a macropore volume which
increased from 0.63 cm’g (HPBN) to 0.>70 cm’/g

(HPSi/B/C/N).

Perspectives

First examples of hierarchically porous Polymer-Derived
Ceramic (PDC) monoliths have been prepared by spark plasma
sintering (SPS) from an assembly of ordered mesoporous
powders displaying P6mm hexagonal symmetry without the use
of additives. We particularly reviewed the preparation of BN
and Si/B/C/N materials. The coupled approach (PDCs route and
SPS process) allowed obtaining robust monoliths with high
porosity which is related to the use of ordered mesoporous

powders as starting materials and to the control and the

This journal is © The Royal Society of Chemistry 2012

ARTICLE

tailoring of the pore size and the connectivity over a relatively
wide range of length scales through the parameters of sintering.
Furthermore, the use of SPS inhibited grain growth during
sintering leading to materials which retained the intrinsic
properties of the pristine powders.

An important aspect of the current research is the extension
of the underlying processing method to a wider range of non-
oxide materials including binary systems, nanocomposites and
solid solutions. To date, the combination of PDCs with
controlled porosity and SPS is vastly unexplored. However,
because of the versatility of the PDCs route this two-step
approach should open the way to a very broad set of monolithic
materials in terms of composition, textures, structures and
shapes. It can be reasonably anticipated that this will lead to the
preparation of a new generation of ceramics for environment
and energy technologies as catalysts or supports.
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