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Using a prototypical family of hierarchical zeolites, we show how adsorption-based characterization can
be extended to provide morphological and topological assessment beyond state-of-the-art tools. The
well-controlled materials under study consist of submicron-sized zeolite crystals (silicalite-1) that exhibit
large nanoporous cavities in addition to their intrinsic microporosity. Such zeolites nanoboxes can be pre-
pared with a single large cavity, with several independent cavities or with several interconnected cavities
depending on synthesis conditions. It is shown that analysis of the adsorption/desorption branches using
the Derjaguin model allows determining the cavity size distributions in these materials but also the frac-
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tion of pores directly connected to the external surface for each cavity size. Moreover, using the indepen-
dent domain theory, we illustrate how scanning the capillary hysteresis provides a means to determine
whether pores behave independently from each other or are connected to each other. All our findings are
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1. Introduction

Owing to their large accessible surface area and confining pro-
perties, porous materials are central to many practical appli-
cations such as heterogeneous catalysis, adsorption, filtration,
chromatography, and gas/phase separation."™ In particular,
the use of porous materials is a key aspect of many techno-
logies relevant to energy storage/conversion, environment pro-
tection/depollution, materials science, etc. Among available
porous solids, hierarchical porous materials, which are multi-
scale solids combining different porosity scales (microporosity
<2 nm, mesoporosity in the range 2-50 nm, and macroporosity
>50 nm), are at the heart of intensive research as they allow
overcoming important technological barriers.>® These multi-
scale porous solids possess a large specific surface area
together with large pores ensuring high permeability so that
they lead to very efficient catalytic, adsorption, and separation
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found to be consistent with additional electron microscopy data including electron tomography data.

properties. As a result, efficient characterization techniques
are required in order to develop rational synthesis strategies
for such hierarchical media.

Many characterization tools have been developed to assess
the surface and volume properties of porous materials; such
tools include but are not limited to imaging techniques at
different scales (such as transmission/scanning electron
microscopy,” '® focused ion beam scanning electron
microscopy and tomography experiments'''?), spectroscopic
tools such as infrared/Raman spectroscopy,">"* both small
and wide angle X-ray and neutron scattering or diffraction,"™°
and thermal analysis (differential scanning calorimetry, differ-
ential thermal analysis).""*° In addition to these techniques,
adsorption-based methods in which the adsorption or intru-
sion of a fluid is used to probe the surface and porosity of
porous materials are widely used as they allow fine characteriz-
ation in a non-destructive fashion.>"**> Such methods include
the adsorption of a simple fluid at low temperature such as N,
or Ar (gas volumetry or gravimetry), adsorption of water at
room temperature or at low temperature (Nuclear Magnetic
Resonance  cryoporometry/thermoporometry),>>>*>  density
assessment using a non-adsorbing fluid (He pycnometry), or
invasion by a non-wetting fluid (Hg porosimetry).>> Among
characterization based on wetting fluids, N,, Ar, and water
adsorption techniques are particularly useful as they allow
probing at the same time the surface chemistry, porosity/
porous volume, and cavity size of any porous material (ranging
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from simple/independent pores with uniform or non-mono-
disperse sizes to strongly disordered porous solids with pores
having a complex morphology/topology).

In addition to such simple yet robust characterization tools,
detailed analysis of capillary condensation hystereses observed
upon adsorption/desorption cycles (shape of the hysteresis
loop and its scanning behavior) provides very important infor-
mation regarding the morphology and topology of the porous
network in a given material.>**>° On the one hand, symmetri-
cal hystereses loops - ie. with parallel, superimposable
adsorption and desorption branches - can be taken as the sig-
nature of porous materials with independent pores (in this
context, independent pores refer to pores that fill or empty
regardless of whether their neighbors are filled or empty). On
the other hand, asymmetrical hystereses are indicative of dis-
ordered porous materials where desorption is controlled by
neck effects (large pores being isolated from the gas phase
through smaller cavities).>"**° As for the scanning behavior
within the capillary condensation hysteresis, in the frame of
the independent domain theory by Everett,>' the way an
ascending (descending) scanning curve meets the main
adsorption (desorption) branch can be used to assess the pore
connectivity within a porous material.

In the present paper, an ideal yet representative family of
hierarchical porous materials is used to show how adsorption-
based characterization — beyond state-of-the-art techniques —
allows determining quantitatively the pore connectivity/topo-
logy in such complex, multiscale solids. The hierarchical
porous materials considered here consist of hollow zeolite
boxes having dimensions ranging from tens to hundreds of
nanometers (the zeolite structure is that of silicalite-1).**"*
Depending on the chemical procedure used, such silicalite-1
nanoboxes exhibit in addition to the zeolitic (i.e. microporous)
cavities another porosity which consists of (1) a single large
cavity (100-200 nm), (2) several large independent cavities
(0-150 nm), or (3) several large connected cavities (0-150 nm).
By comparing these materials with their parent solid (i.e. the
same zeolite boxes without additional porosity), we show that
key information regarding the porosity can be obtained
through a detailed yet simple analysis that goes well beyond
state-of-the-art techniques which only provide surface area,
cavity size distribution, and porosity assessment. Such a com-
plete analysis, which relies on simple N, adsorption experi-
ments at 77 K and contains different elements of increasing
complexity, allows determining the following pieces of infor-
mation. First, by comparing the cavity size distributions
obtained using the adsorption and desorption branches, we
determine the fraction of pores that are open (i.e. connected to
the external surface) and closed (i.e. isolated from the external
surface through a smaller cavity). Second, by analyzing scan-
ning curves within the capillary hysteresis loop in the frame-
work of the independent domain theory, we determine
whether pores behave independently or are connected to each
other. All our findings are found to be consistent with
additional electron microscopy data including electron tom-
ography data.
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2. Samples and methods

2.1. Samples and synthesis

Fig. 1 shows transmission electron microscopy images
together with a schematic representation of the different
samples considered in the present work. The first sample,
which is not hierarchical per se, consists of small bulk silica-
lite-1 crystals having a size of about ~200 nm. The first hier-
archical sample consists of the same small crystals but hollow
as a large cavity of about ~100 nm is formed within the crystal.
Owing to its simple porous structure (one large cavity sur-
rounded by zeolitic microporous structure) and its size uni-
formity, this sample can be considered as a model material.
The second hierarchical sample is made of the same small
crystals but with many connected cavities in the range
[0-200 nm] which is named small multi hollow crystal. Finally,
the third hierarchical sample consists of a large zeolite crystal
(~40 pm) that exhibits many unconnected, independent cav-
ities in the range [0-200 nm] which is named large multi
hollow crystal. In what follows, we first briefly describe the syn-
thesis strategy used to prepare each sample.

2.2. Small bulk silicalite-1 synthesis

Silicalite-1 was prepared using tetraethylorthosilicate (TEOS,
Aldrich, 98%) and homemade 1 M tetrapropylammonium

Fig. 1 Transmission electron microscopy images and schematic rep-
resentations of the different zeolite samples considered in this work:
(top, left) small bulk silicalite-1 crystals, (top, right) corresponding small
single hollow crystals, (bottom, left) small multihollow crystals and
(bottom, right) large multihollow crystals. For each sample, a schematic
of the porosity distribution is shown where one distinguishes the zeolite
microporosity (red and white areas) and the added mesoporosity/
macroporosity (white areas). Additional images are available in the ESI
(Fig. S2 to S5).7
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hydroxide solution (TPAOH) obtained by reaction TPABr solu-
tion with Ag,O and water. The gel of composition SiO,:0.4
TPAOH :35 H,O was stirred at room temperature overnight to
fully hydrolyze the TEOS, then transferred into a Teflon-lined
autoclave and heated at 170 °C under static conditions for 3
days. The autoclave was then cooled to room temperature and
the solid was recovered by centrifugation, washed with water
until pH = 7 and dried overnight at 90 °C. Finally, the resulting
solid was calcined for 12 h at 525 °C in air, yielding bulk silica-
lite-1 crystals.

2.3. Small single hollow silicalite-1 synthesis

The hollow structure was obtained by a dissolution-recrystalli-
sation process by treating the small bulk dry silicalite-1 in
TPAOH solution at 170 °C.*>**¢ Typically, 1 g of dry zeolite was
suspended in 7.5 mL of 0.55 M TPAOH solution, and then the
mixture was heated at 170 °C under rotating conditions for
24 h. The solution was then cooled down, washed with water
until pH 7, and dried overnight at 90 °C. Then the powder was
calcined in air at 450 °C for 6 h yielding single hollow zeolite
crystals.?>37:38

2.4. Small multi hollow silicalite-1 synthesis

The multi hollow structure was carried out by a post-synthesis
desilication treatment in the presence of a phosphonium-con-
taining structure-directing agent. Post-synthesis desilication
was conducted by treating small bulk silicalite-1 with a com-
mercial tetrabutylphosphonium hydroxide solution (TBPOH,
Aldrich, 40 wt% in H,0). Typically, 1 g of dry zeolite was added
to 4.5 mL of 1.125 M TBPOH solution. The mixture was then
transferred into a Teflon-lined autoclave and heated at 115 °C
under rotating conditions for 96 h. The solution was then
cooled down, washed with water until pH 7, and dried over-
night at 90 °C. Finally, the powder was calcined in air at
450 °C for 6 h yielding small multi hollow silicalite-1 zeolite
crystals.

View Article Online
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2.5. Large multi hollow silicalite-1 synthesis

First, large bulk silicalite-1 crystals were synthesized thanks to
one of our previous publications.> Typically, tetraethyl-
orthosilicate was hydrolyzed in a mixture of tetraethyl-
ammonium (TEAOH) and tetrabutylphosphonium (TBPOH)
hydroxides (TEAOH/(TBPOH + TEAOH) = 0.25) and crystallized
under static conditions at 170 °C for 4 days. The crystals
obtained were recovered by centrifugation and named large
bulk silicalite-1. Then, hollow structure was obtained by treat-
ing the large bulk dry silicalite-1 in TPAOH solution. Typically,
1 g of dry zeolite was suspended in 7.5 mL of 0.3 M TPAOH
solution, and then the mixture was heated at 170 °C under
rotating conditions for 72 h. The solution was then cooled
down, washed with water until pH 7, and dried overnight at
90 °C. Then the powder was calcined in air at 540 °C for 6 h
yielding large multi hollow silicalite-1 zeolite crystals.**

2.6. Characterization

For each sample considered in this study, X-ray diffraction
(XRD) patterns were recorded on a Bruker D5005 diffract-
ometer with Cu Ko radiation (A = 1.5406 A). Spectra were
recorded over a 26 range of 5°-80° with a step size of 0.02° and
1 s per step. A zoom in the region of 5°-55° 26 was applied for
better visualization. Transmission Electron Microscopy (TEM)
images were obtained on a JEOL 2010 LaB6 microscope operat-
ing at 200 kV. A dispersion of the sample crushed in ethanol
was deposited on standard holey carbon-covered copper TEM
grids. Scanning electron microscopy (SEM) images were taken
on a FEI ESEM-XL30 microscope.

N, adsorption/desorption isotherms were acquired at 77 K
on a Belsorp-Mini (BEL-Japan) sorption apparatus. Circa
80 mg of sample was outgassed under vacuum in a cell at
300 °C overnight prior to adsorption. To ensure that equili-
brium was reached during adsorption measurements, a strin-
gent criterion known as floating criterion was used: equili-
brium is assumed to be reached when the fluctuating pressure
data do not vary more than 0.3% for at least a period of 500 s.

Table 1 Properties of the different zeolite samples considered in this work. While the sizes (L, W, H) of the crystalline particles were determined
from electron tomography, the surface area Sget, microporous volume V,, as extracted from the t-plot method, mesoporous/macroporous Vc from
the height of the capillary hysteresis loop, and total porous volume Vi, from the adsorbed volume at saturation. All these quantities were assessed
from standard nitrogen adsorption experiments at 77 K. Note that the total volume V.. may differ from the sum of V, and V¢ due to the non-negli-
gible intergranular species which is included to some extent in the former but not in the latter

Lx WxH (nm?)

Sper” (m* g7")

v.” (em’ g™ Ve (em® g™) Vior" (em” g7")

Sample -

Small bulk Si-1 215 x 175 x 130 440
Large bulk Si-1 40 x 10 x 10 (um®) 345
Small single hollow Si-1 230 x 190 x 145 370
Small multihollow Si-1 185 x 150 x 115 445
Large multihollow Si-1 40 x 10 x 10 (um®) 330

0.15 — 0.22
0.14 — 0.17
0.12 0.12 0.33
0.14 0.24 0.57
0.12 0.14 0.31

“BET (Brunauer, Emmett et Teller) method. ? Volume of N, adsorbed when the slope of the adsorption branch becomes lower than 10° cm® g™,
¢ Difference in N, uptake between the adsorption and the desorption branches of the isotherms at P/P, = 0.50. 4Volume of N, adsorbed at P/P, =

0.90 from the desorption branch.
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Table 1 reports important properties that could be assessed
using electron microscopy and routine characterization tools
based on nitrogen experiments.

Electron tomography’® was performed employing the
Environmental Transmission Electron Microscope (FEI-ETEM
80-300 keV) in vacuum. On the sample, well dispersed on a
200 mess Cu holy carbon grin, were added 5 nm Au nano-
particles used for image alignment. The tilt series were record-
ing using the tomography plugin of the TIA software in High
Angle Annular Dark Field Scanning Transmission Electron
Microscopy (HAADF-STEM). The tilt series were tilted from
—70° to +76° with an increment step de 2°. The tilt series were
aligned using the Imod software,*® then the volume was recon-
structed using SIRT-FISTA-TV algorithm developed in-house.*!
The data segmentation, 3D model and quantification were per-
formed using different plug-ins from Imagej and 3D Slicer.*?

3. Results and discussion

3.1. Adsorption isotherms

Fig. 2 shows the N, adsorption isotherms obtained at 77 K for
the three hierarchical silicalite-1 samples: small single hollow
silicalite, small multihollow silicalite, and large multihollow
silicalite. For each sample, we also report the adsorption data
obtained for the parent zeolite: small bulk silicalite crystals
and large bulk silicalite crystal. The N, adsorption isotherms
for the three hierarchical samples display both features charac-
teristic of adsorption in the zeolite and in larger mesoporous/
macroporous cavities in agreement with previous works on
hierarchical samples.****

At low pressures, the adsorbed amount in these hierarchical
porous solids increases very rapidly with pressures as filling of
the zeolite microporosity occurs. Once the zeolite porosity is
filled, the adsorbed amount for the hierarchical materials
keeps increasing with pressure due to adsorption at the meso-
pore/macropore surface (i.e., multilayer adsorption regime).
For all samples, at a pressure lower than the bulk saturating
vapor pressure Py, the N, adsorbed isotherms exhibits an irre-
versible increase that corresponds to capillary condensation/
evaporation within the mesoporosity/macroporosity. Capillary
hystereses observed for these samples will be analyzed in the
next section but we can already discuss their overall shape.
While the condensation branch spans over a non-negligible
pressure range that is representative of the broad cavity size
distribution in these samples, the evaporation branch is very
steep as it corresponds to cavitation (indeed, considering that
the cavities within the zeolite crystals are isolated from the
external surface by zeolite domains, desorption can only occur
through evaporation across this microporosity).

In contrast, adsorption in the zeolite regions does not
display any hysteresis as pore filling becomes reversible and
continuous in such very small pores (in fact, at a given temp-
erature, there is a critical diameter below which pore filling
and emptying no longer follows first order capillary conden-
sation as observed for large pores®”**™%),

2906 | /Inorg. Chem. Front., 2022, 9, 2903-2916
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Fig. 2 N, adsorption isotherms at 77 K in hierarchical zeolites obtained
from zeolite crystals: (a) small single hollow silicalite-1, (b) large multi-
hollow silicalite-1, (c) small multihollow silicalite-1. For each sample, the
symbols are for the hierarchical sample while the solid line corresponds
to the N, adsorption isotherm for the corresponding bulk zeolite crys-
tals [small bulk silicalite-1 for (a) and (c) and large bulk silicalite-1 for (b)].
For each sample, the insert shows the adsorbed amount in the hierarchi-
cal sample at reduced pressures in the range [0.001-0.1] as a function
of the adsorbed amount in the corresponding bulk zeolite at the same
pressure.

Before analyzing in detail the adsorption isotherms for the
hierarchical samples, it is interesting to compare the corres-
ponding data with those for the parent zeolite samples. We
show in Fig. 2 an insert for each sample where the adsorbed
amount in the hierarchical material is plotted as a function of
the adsorbed amount obtained at the same reduced pressure
in the parent solid. Such a comparison is relevant as the hier-
archical samples are made of silicalite-1 zeolite so that they are
supposed to have the same zeolite density, microporous
specific volume and microporous specific surface area. As a
result, differences in the adsorbed amount per unit of mass
for a hierarchical material and its parent zeolite indicates non-
negligible differences in their microporosity (see discussion in
the next paragraph). On the other hand, this comparison is
limited to the reduced pressure range [0.001-0.1] as adsorption
at the external surface and filling in large, non-zeolitic cavities
beyond these values makes the comparison between the hier-

This journal is © the Partner Organisations 2022
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archical sample and its zeolite reference irrelevant. For all
samples, the adsorbed amount in the hierarchical sample is
found to be smaller than for the parent zeolite.

The smaller adsorbed amounts for the hierarchical samples
with respect to their parent zeolite can be rationalized as
follows. A lower degree of “crystallinity” cannot be invoked for
the hierarchical samples according to XRD pattern and TEM
images showing crystalline pattern in hollow crystals (see
Fig. S2 and S3, respectively, of the ESI}). Instead, the lower
microporous capacity for these hierarchical samples may orig-
inate from their low defect concentration. Indeed silicalite-1
crystals prepared in basic conditions are known to present a
larger Si-OH defect concentration and, as a result, a larger
apparent porous volume.*® Also, the adsorption step at
200-300 mbar in N, adsorption at 77 K is absent - a feature
that is characteristic of defective silicalite-1. Lastly, the associ-
ated Diffuse Reflectance Infrared Fourier Transform (DRIFT)
spectra (Fig. S6t) confirm this observation with a hydroxyl
region more intense for the bulk samples compared to the
hierarchical ones. The series of bands at 3739, 3725 down to
3540 cm™" are due to hydroxyl groups. The concentrations of
free hydroxyl groups at 3739 cm™" or intern silanol nests at
3540 cm™" are markedly higher in the case of the bulk small
crystals or bulk large crystals, respectively, compared to their
hierarchical counterparts. It should be noted that the differ-
ence in quantity of external and internal silanols between
samples can be due to crystals morphology diversity. For a
better comparison, the bands at 2002 and 1880 cm ™" related to
overtones were used as normalizing area for both small and
large crystals. We can thus assume that the missing O-Si-O
links for the parent zeolite leads to additional microporous
volume with respect to more defect free crystals. In turn, such
additional microporosity could explain the larger adsorbed
amounts observed at low pressures for the parent zeolite com-
pared to the hierarchical zeolite. Moreover, considering that
the treatments used to form the different hollow zeolites
involved either recrystallization or non-recrystallization pro-
cesses, we note that differences in defect concentrations
between the parent and hierarchical zeolites can also explain,
to some extent, the variations observed in the adsorbed
amounts.

The adsorption differences observed between the hierarchi-
cal and regular zeolites are consistent with the BET surface
area reported in Table 1 for the conventional and hierarchical
samples. For both the small and large samples, the BET
surface area of the hierarchical samples is smaller or equal to
its parent zeolite. In particular, we note that the difference
between the adsorbed amount corresponding to the zeolite
porosity in a hierarchical sample and its parent is directly
related to the difference in their BET surface area. At this
stage, we introduce a correction factor y that is defined as the
ratio of the adsorbed amount in the hierarchical sample and
that in the zeolite parent. This factor is needed to correct each
adsorption isotherm for its microporous contribution in order
to proceed with the detailed analysis of the mesoporous contri-
bution through extended adsorption-based characterization.

This journal is © the Partner Organisations 2022
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Let us consider the mass of a hierarchical sample m;, which
adsorbs a quantity Ny(P) at a pressure P so that the specific
adsorption isotherm is n,(P) = Nu(P)/my. Similarly, for the
parent zeolite, we can define n,(P) = N,(P)/m,. As explained
above, because of imperfect or incomplete crystallization, we
have n,(P) < n,(P) provided P is taken in the low pressure
range where adsorption at the external surface and in the large
cavities is negligible. We can therefore define the
correction factor as y = ny/n, < 1 (where y = 1 is recovered if the
zeolite domains in the regular and hierarchical sample are
identical).

As mentioned above, y should be independent of the
pressure provided it is determined in the low pressure range
where adsorption in non-zeolitic domains is negligible.
However, for typical pressure ranges accessible in N, adsorp-
tion experiments, y can be found to depend on P. In practice, y
can be determined by plotting »(P) as a function of P and by
taking the limit when P tends to zero. Fig. 3 shows y(P) for the
three hierarchical samples. For the small single hollow
sample, y**™ = 0.85 is defined unambiguously as it remains
almost constant upon decreasing the pressure. In contrast, for
the small multihollow sample, we see that y increases with
increasing the pressure (because of adsorption in the many
large cavities) so that it can only be assumed that y*™" < 0.9.
For the large crystal, "™ = 0.94 is found to be nearly constant
with pressure. While the comparison between ;™" and »*%"
suggests that the large multihollow sample presents zeolite
domains that are closer to those in its parent zeolite, these
data should be interpreted with caution. Indeed, comparison
between the adsorption isotherms for the two parent zeolites
in Fig. 2 shows that the smaller zeolite crystals possess a larger
microporosity since one obtains an adsorption isotherm with
large adsorbed amounts in the microporous range (in contrast,
the large zeolite crystals significantly underestimate the
maximum adsorbed amount for this zeolite structure). As a
result, if we determine y*™" using the reference adsorption
data for the small bulk crystals, we obtain y**™ = 0.78 instead
of 0.94 (see grey triangles in Fig. 3).

1.00 oo
A B A Arn

o O O O0CCm
0.80

0.70 + T
0.001 0.01 0.1

PIP,

Fig. 3 Correction factor y as a function of N, pressure for the small
single hollow sample (black circles), the large multihollow sample (black
triangles), and the small multihollow sample (black squares). y = nn(P)/
n,(P) is obtained by dividing the adsorbed amount n,(P) obtained at a
pressure P for the hierarchical sample by the adsorbed amount n,(P)
obtained at the same pressure for the parent zeolite. The grey triangles
show y when the adsorption data for the small bulk zeolite crystals are
used as reference data instead of those for the large bulk zeolite
crystals.
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3.2. Capillary condensation and cavity size distribution
Analyzing N, capillary hystereses is a routine characterization
technique to assess cavity size distributions. In this technique,
the change in the adsorbed amount between pressures P and P
+ dP is written as the total volume Q(D) of the pores having a
size D(P + dP) that fills at the pressure P + dP and a contri-
bution arising from the change in the adsorbed amount in
pores that are only partially filled [all cavity sizes > D(P + dP)].
Usually, the pressure P and cavity size D are related using a
theory or model that describes capillary condensation/evapor-
ation such as the Density Functional Theory (DFT),*’ the
Kelvin equation (BJH method),*® the Derjaguin model (BdB
method),*® etc. While these different models are more or less
accurate, the assessment of cavity size distributions from N,
adsorption isotherms relies on simple assumptions that
should be recalled when discussing the validity of the different
methods. While these assumptions are robust for materials
that present single, independent pores, they are usually poorly
justified for real materials that display interconnected pores
having a complex pore shape. First, pores are usually assumed
to have a simple slit-like or cylindrical shape; this approxi-
mation leads to small yet non-negligible different cavity size
distributions when analyzing a given material (because the
relation that links the pore diameter D to the filling or empty-
ing pressure P typically depends on the shape factor). Second,
pore connectivity is known to drastically affect the way a pore
fills or empties. For instance, it is usually assumed that a pore
connected to the external phase through a neck will empty at
the evaporation pressure corresponding to the neck (pore
blocking) or at the gas nucleation pressure (cavitation). While
such effects on pore emptying are often considered to charac-
terize pore connectivity, it is often assumed that condensation
(i.e. along the adsorption branch) is not affected by such pore
boundary effects. Yet, in the spirit of pore-neck cooperative
effects upon emptying, such boundary effects are also known
to affect pore filling; for instance, a cylindrical pore connected
to a small neck will not fill at the pressure P. where the
adsorbed cylindrical at its surface becomes unstable but at the
pressure P. corresponding to the Laplace pressure where the
gas/liquid curved interface (formed at the junction between
the neck and the pore) moves along the pore axis.’ In practice,
this means that there is roughly a factor 2 between In P. and
InP, (i.e. In P,/P. ~ 2). This effect, known as advanced conden-
sation or pore assisting factors, is equivalent to the pore block-
ing effect upon desorption but applied to adsorption.>*

The paragraph above shows that assessing cavity size distri-
butions relies on key assumptions which correspond to an
ideal description of the porosity where some cooperative
effects are neglected (e.g. advanced condensation). To our
knowledge, while cooperative effects are often considered
when analyzing capillary hystereses, such advanced conden-
sation effects are not considered as accounting for both filling
and emptying cooperative renders the problem intractable. In
the spirit of conventional pore size analysis, our mathematical
treatment below of the capillary hystereses observed for the
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zeolite hierarchical materials also rely on some of these
assumptions. Regarding the pore shape, considering the mor-
phology of the large cavities seen by electron microscopy in
the bulk zeolite crystals, we use a spherical pore geometry
rather than the usual slit or cylindrical geometry. We use
Derjaguin’s model which provides a robust and quantitative
description of pore condensation and evaporation.’>>° Here,
we simply recall the main ingredients of this seminal model
(full derivation can be found elsewhere®®®”). Considering a
spherical pore of diameter D in contact with the fluid phase,
the grand potential Q of the adsorbed film of thickness ¢ at the
vapor pressure P and temperature 7 is given by: Q = -PV, - P V;,
+ ys1dst + 7y + AyWaiy(t) where P, Py, Vi, and Vy, are the
pressure and volume of the vapor and adsorbed phases,
respectively. y1v, ys1, Arv and Ag;, are the liquid/gas and liquid/
solid surface tensions and surface areas, respectively. The
interface potential Wey(t) describes adsorption at the solid
surface as it accounts for the interaction between the liquid/
solid and adsorbate/gas interfaces. We choose Wg;y(t) = S exp[-
t/£] as it provides an accurate description for nitrogen adsorp-
tion in cylindrical mesopores. For a given gas pressure P, the
stable solution predicted using Derjaguin’s model is obtained
by determining the minimum in the grand potential Q(t)
upon varying t. After a little algebra, one shows that the capil-
lary pressure for a spherical pore of diameter D is given by RT
In P(D)/Py = -6y1y/[pr(D — 2t)] X [1 + S exp(-t/&)/y1y] (the detailed
derivation can be found in ref. 56). Regarding pore boundary
effects, as usually assumed when dealing with disordered
porous materials, we consider that pore filling is not affected
and, therefore, corresponds to the capillary condensation
pressure for the spherical pore; this implies that cavity size dis-
tributions reported in this work should not be seen as true
cavity size distributions but rather as the cavity size distri-
bution of an assembly of equivalent pores having an ideal
spherical geometry. On the other hand, while we neglect pore
boundary effects upon condensation (advanced condensation),
we consider in our analysis of the desorption branch possible
pore blocking and cavitation effects (see below for more
details).

Cavity size distributions can be assessed from nitrogen
adsorption data by solving the following integral equation
which states that the total adsorbed amount Q(P) at a pressure
P is the sum of the adsorption isotherm n(P, D) in a pore of
diameter D weighed by the total porous volume f(D) corres-
ponding to this pore category:

o(p) = jn@, D)f(D)dD (1)

This is a well-known problem in adsorption science where
one has to consider that, upon changing the pressure from P
to P + dP, the change in the adsorption isotherm corresponds
to pore filling as well as variation in the adsorbed amount due
to pores that are not filled at the pressure P + dP. To solve eqn
(1) for the small hollow silicalite-1, small multihollow silica-
lite-1, and large multihollow silicalite-1, we wrote a numerical
code based on a Monte Carlo approach. First, using the ana-
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lysis reported in Section 3.1, we correct each adsorption iso-
therm for the zeolite contribution; based on previous work,*?
we write that the total adsorption isotherm is the sum of the
adsorbed amount in the zeolitic part and the adsorbed
amount in the mesoporosity/macroporosity. In practice, this
is achieved by fitting the overall adsorption isotherm at each
pressure against the adsorbed amount for the zeolite sample
with the same crystalline size so that the residual adsorption
isotherm is assumed to correspond to the number of mole-
cules in the mesoporosity (this is equivalent to correcting the
adsorption isotherms for the correction factor y discussed
above). After correcting the experimental adsorption iso-
therms for the zeolite contribution, we start from an initial
mesoporous cavity distribution which possesses the correct
pore volume (obtained by summing the volume corres-
ponding to each cavity size multiplied by their occurrence/
weight in the cavity size distribution). This starting cavity size
distribution is used as an initial guest whose details do not
matter as it is evolving along the Monte Carlo strategy to con-
verge towards the final distribution. To reach a cavity size dis-
tribution that allows matching the experimental adsorption
isotherm, we update the cavity size distribution by attempting
to transfer a small pore volume amount AV corresponding to
a given cavity size D to another cavity size D'. Such a pore
volume displacement, which can be written as V(D) — V(D') +
AV and V(D) — V(D) — AV, induces a change in the adsorbed
amount from Q(P) — Q(P) + AQ(P). We note that this Monte
Carlo perturbation ensures that the porous volume - which is
initially set to reproduce the experimental porous volume -
remains constant. In this Monte Carlo approach, the
attempted volume transfer from one cavity size to another is
accepted or rejected using the following acceptance
probability:

Pace = €xp (7 e new _ZOLD|) (2)

Xo

P/IP,

Fig. 4
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In this equation, ynew and yorp are the y-square difference
between the experimental and simulated adsorption isotherm
after and before the pore volume change:

1

> [0(P) — Qe (P)]? (3)

=1

1= Ry
where Np is the number of datapoints in the adsorption iso-
therm. For the reasons discussed above, when determining the
cavity size distribution that reproduces the experimental
adsorption isotherm, we consider the adsorption branch (in
the next sections, we will show how the desorption branch
and/or scanning curves can be used to gain additional insights
into the pore network morphology/topology). Like in any
Reverse Monte Carlo approach, y, in eqn (2) is a convergence
parameter which allows the system to efficiently explore all
possible cavity size distributions and, eventually, reach the
solution that best reproduces the experimental data. The
system remains trapped in a given solution if y, is too small,
therefore failing to find the optimal solution. If y, is too large,
the system converges fast but many cavity size distributions
close to the optimal solution will be considered acceptable. In
practice, it was found that the most efficient approach consists
of starting with a large y, and then decreasing its value until
the target convergence is reached.

In the next paragraphs, we analyze the data obtained for
the three hierarchical samples: small single hollow, small mul-
tihollow, and large multihollow zeolites. Among these three
samples, we first discuss the small single hollow zeolite as it
can be seen as an ideal sample which allows illustrating in a
simple and efficient way the concepts and methods proposed
in this work. Indeed, this sample possesses a single large
cavity in each crystal (particle) so that we rather probe the
homogeneity in crystal sizes.

Fig. 4(a) compares the simulated adsorption isotherm
against the experimental data for the small hollow zeolite.

O(D) (em’/g)

0 80

160 240
D (nm)

320 400

(a) N, adsorption isotherms at 77 K in the small single hollow silicalite-1. The black circles correspond to the main adsorption/desorption iso-

therm (pressures up to P ~ 0.999P;). The red circles correspond to a descending scanning curve starting from P ~ 0.97P,. The solid and red lines
correspond to the analytical model based on Derjaguin’s theory for spherical pores (see text). (b) cavity size distribution for the small hollow silica-
lite-1 sample as determined from the analytical model based on Derjaguin’s theory. The red data show the entire cavity size distribution while the
orange data show the subdistribution corresponding to the closed pores (no direct access to the external surface).
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Fig. 4(b) shows the corresponding cavity size distribution
inferred from our Monte Carlo approach for the same sample
(red histogram). As can be seen from these data, our numerical
strategy allows reproducing very accurately the experimental
adsorption isotherm. As expected for this sample (which
corresponds to ~100 nm hollow particles), the cavity size is
broad with a characteristic cavity size that is around
80-100 nm. To verify the quality of the inferred cavity size dis-
tribution, we report in Fig. 5 the data obtained by electron
tomography for the same sample. While such tomography was
obtained for a limited number of particles, the estimated pore
length, width and height provide an estimate for the typical
cavity size distribution in this small hollow silicalite-1 sample.
As shown in Fig. 5(b), the cavity size distribution seen by tom-
ography, which is broad with a maximum around 80-100 nm,
is fully consistent with the data obtained using our cavity size
distribution analysis.
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We now analyze the adsorption isotherms obtained for the
multihollow samples with either large or small particles. The
simulated and experimental adsorption isotherms for the
large and small multihollow samples are shown in Fig. 6 and
7, respectively. Like for the hollow silicalite-1 sample above,
the simulated adsorption isotherms perfectly reproduce the
experimental data. As for the corresponding cavity size distri-
butions (red histograms), as expected for such samples dis-
playing significant dispersion in cavity size, the cavity size dis-
tributions are very broad with cavity sizes up to a few 100 nm.
Due to the large particle size in the large multihollow sample,
the cavity size distribution extends to much larger cavity sizes.
In particular, due to the elongated shape of the particles in the
large multihollow sample, the cavity size distribution is
bimodal. On the other hand, the first cavity size distribution
centered around 80-100 nm is similar to that observed for the
small multihollow sample. As a result, these pores are
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_ \7 é 030
g 030 -
\ &
2015 4
5
o
103 ~ o000/
nm TS FEEE
e S 28 88 3
117 nm -
D (nm)

Fig. 5

(a) Tomography view of the small single hollow silicalite-1. Four cavities were considered to estimate the length, width, and height of the

macroporous cavity inside the zeolite crystals. (b) cavity size distribution as seen from electron tomography.

400

300

200

QO (cm’/g)

100

P/P,

Fig. 6

60 -
m\: 40 -
[ |

% 20 1 L

Nl 11 | l

0_ IIIIIIIIIIIIIIIII
0 80 160
D(nm)

(a) N, adsorption isotherms at 77 K in the large multihollow silicalite-1. The black circles correspond to the main adsorption/desorption iso-

therm (pressures up to P ~ 0.999P). The red circles correspond to a descending scanning curve starting from P ~ 0.99P,. The solid and red lines
correspond to the analytical model based on Derjaguin’s theory for spherical pores (see text). (b) cavity size distribution for the small hollow silica-
lite-1 sample as determined from the analytical model based on Derjaguin’s theory. The red data show the entire cavity size distribution while the
orange data show the subdistribution corresponding to the closed pores (no direct access to the external surface).
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(a) N, adsorption isotherms at 77 K in the small multihollow silicalite-1. The black circles correspond to the main adsorption/desorption iso-

therm (pressures up to P ~ 0.999P;). The red circles correspond to a descending scanning curve starting from P ~ 0.95P,. The solid and red lines
correspond to the analytical model based on Derjaguin’s theory for spherical pores (see text). (b) cavity size distribution for the small multihollow sili-
calite-1 sample as determined from the analytical model based on Derjaguin’s theory. The red data show the entire cavity size distribution while the
orange data show the subdistribution corresponding to the closed pores (no direct access to the external surface).

assumed to correspond to porosity aligned along the small
dimension of the elongated particles. On the other hand, there
is a second cavity size distribution >120 nm that is assumed to
correspond to pores that are aligned with the large dimension
of the particles.

3.3. Capillary hystereses and pore boundaries

We now analyze the capillary hystereses observed for the
hollow zeolites. Such data provide complementary infor-
mation with respect to the adsorption branch as they allow
inferring pore boundaries. In more detail, while it is usually
assumed that the cavity size distribution inferred from the
adsorption branch is not affected by pore ending/connec-
tivity, the desorption is known to reflect pore boundaries. In
this context, the shape of the adsorption hysteresis is known
to be characteristic of the morphology (pore shape) and topo-
logy (pore connectivity) of the pore network.>"*° On the one
hand, independent pores with a regular shape lead to capil-
lary hystereses with symmetrical adsorption/desorption
branches (H1 hysteresis); in this case, both the adsorption
and desorption branches reflect the width of the cavity size
distribution. On the other hand, connected pores with either
a regular or irregular shape lead to capillary hystereses with a
desorption branch that is much steeper than the adsorption
branch (H2 hysteresis); in this case, the adsorption branch
reflects the cavity size distribution while the desorption
branch reflects the neck size distribution (which is narrower
than the main cavity size distribution by definition). Such a
well-established formalism offers the ground for advanced
morphological/topological characterization of the pore
network in materials science. Yet, while such tools are
already available, the underlying data analysis is more com-
plicated as desorption in irregular and/or connected pores
depend on the neck size that isolates the pore from its neigh-
bors. In more detail, depending on the pore and neck sizes,
desorption can occur either through pore blocking or cavita-

This journal is © the Partner Organisations 2022

tion. On the one hand, when the neck size d is larger than a
critical diameter D., desorption occurs through pore blocking
at a desorption pressure corresponding to the emptying
pressure corresponding to the neck diameter d (i.e. the pore
of size D empties automatically as the neck that isolates it
from outside empties). On the other hand, when the neck
size d is smaller than D., the pore of size D empties at the
cavitation pressure of the adsorbate fluid at the temperature
T (i.e., the pressure becomes too small to be sustained by the
confined fluid so that it evaporates even if the neck remains
filled by the liquid). In particular, for the zeolite samples con-
sidered here (with mesoporosity/macroporosity encapsulated
in the zeolite), starting from samples completely filled with
the liquid phase, all pores are isolated from the external
environment through the zeolite porosity. As a result, with
such configurations, in agreement with the adsorption iso-
therms reported in Fig. 5-7, we expect most porosity to empty
through cavitation.

In order to use the framework above to analyze desorption
phenomena in hollow zeolites, we adopted the following
numerical approach which is applied to the desorption
branch. Like for the previous section (adsorption branch ana-
lysis), our strategy relies on a numerical treatment of the data
which involves the following assumptions. First, as can be
seen from the sharp drop along the desorption branch in the
experimental data for the hollow zeolites (Fig. 5-7), the cavita-
tion pressure for N, at 77 K is estimated as P.,, ~ 0.45-0.50P,.
Using Derjaguin’s model, this cavitation pressure corresponds
to a critical neck size D, ~ 2 nm. Second, we assume that the
cavity size distribution V(D) for each hollow zeolite sample
corresponds to that inferred from the adsorption branch in
Section 3.2. With these assumptions, we can determine from
the desorption branch the fraction of cavity size D that (1) is
directly in contact with the external environment or (2) encap-
sulated in the zeolite porosity and hence not in direct contact
with the external phase (in what follows, the former and latter
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pores are coined as open and closed pores, respectively).
Indeed, while pores isolated from the external phase will
empty through cavitation at P,, (since the zeolite cavity size is
smaller than D.), the open pores in contact with the external
phase will empty at a pressure corresponding to their pore dia-
meter as given by Derjaguin’s equation applied to the desorp-
tion branch. In simple words, all pore volume corresponding
to a desorption pressure P > P, is attributed to the
porosity associated with the cavity size D while all pore volume
that empties at P ~ P.,, is attributed to cavities encapsulated
in the zeolite porosity (in the latter case, the pore volume
cannot be attributed to given cavity sizes at the desorption
pressure is only reflecting the fact that the neck size is such
that d < D).

Fig. 5, 6, and 7 compare the simulated desorption branch
against the experimental data for the small single hollow, large
multihollow zeolite, and small multihollow zeolites, respect-
ively. As already mentioned, for all samples, the very steep de-
sorption branch at P ~ P.,, indicates that most of the mesopor-
osity/macroporosity empties through cavitation. However,
while this result was expected for such zeolite samples in
which most large pores are encapsulated within the zeolite,
some non-negligible meso/macroporosity is found to be con-
nected directly to the external environment. Such open large
porosity is directly observable from the desorbed volume
between full loading (P ~ P,) and the loading prior to cavita-
tion (P ~ P.y). Reciprocally, the amount of mesoporosity
encapsulated in the zeolite particles correspond to the volume
desorbed prior (P = P.,, + ¢) and after (P = P.,, — ¢) cavitation
(with & ~ 0). As can be seen in Fig. 5-7, the simulated data
reproduce accurately the experimental data which confirms
the ability of our data analysis to infer relevant cavity size dis-
tributions corresponding to the open porosity. For each
sample, such a cavity size distribution restricted to meso/
macropores directly in contact with the external environment
are shown in panel b of Fig. 5-7. As expected for the single
hollow zeolite, most meso/macroporosity is encapsulated in
the zeolite particles with only a small amount of porosity
directly in contact with the external phase through the particle
external surface area (extra-particle porosity). In contract, for
the small and large multihollow samples, which possess a
much more disordered meso/macroporosity with pores of a
distorted shape and significantly connected, the fraction of
meso/macroporosity is more important. As observed for the
meso/macroporosity distribution probed using the adsorption
branch, the cavity size distribution corresponding to the
opened porosity is broader for the large multihollow sample
than for the small multihollow sample. This result simply
reflects that, owing to its larger particle size, the large multi-
hollow sample necessarily possesses pores that span a larger
cavity size range compared to the small multihollow sample
(for each sample, the particle size imposes an upper boundary
for the cavity size distribution). This information is supported
by TEM microscopy images, see as illustration the Fig. S2 and
S3.f In this context, we underline that the discussion on pore
size distributions between samples with very different crystal-
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line particle sizes is not straightforward since they necessary
cover different ranges.

3.4. Scanning behavior and pore connectivity

In his seminal work, Everett introduces a simple model -
known as the independent domain theory — which provides a
mean to analyze the pore connectivity and hence the pore
network disorder from scanning curves measurements.”’!
Such adsorption measurements consist of probing the desorp-
tion from a sample that is initially only partially filled (des-
cending scanning curve) or probing the adsorption from a
sample that is initially only partially emptied (ascending scan-
ning curve). To further characterize the porosity in the hier-
archical zeolites under study, we measured descending scan-
ning curves which are shown as red circles in Fig. 5-7. Such
experimental data can be interpreted as follows. Using the
independent domain theory, at the starting point of the des-
cending scanning curves P = P45, wWe assume that all cavity
sizes D such that the condensation pressure P(D) < Pges are
filled (in contrast, cavity sizes such that P(D) > Py.s are only
partially filled with an adsorbed film at the pore surface).
Upon decreasing the pressure from P to P — dP, the pores that
are open to the external phase can empty through pore evapor-
ation while those that are not completely filled desorb mole-
cules due to the decrease in the adsorbed film thickness. In
contrast, the mesopores which are encapsulated in the zeolite
particles and initially filled by the liquid at Pg4.s are assumed
to remain filled until they reach the cavitation pressure. As
clearly seen from these assumptions, in this model, the pores
are assumed to behave independently (hence, the name “inde-
pendent domain theory”). In contrast, in real samples showing
sufficient pore connectivity, the fact that neighboring pores are
empty or filled with the liquid will affect the desorption of the
pores initially filled. Therefore, by comparing the predictions
of the independent domain theory with the experimental scan-
ning curves, one can infer whether or not the meso/macro-
pores behave independently from each other. Despite its com-
plexity, the independent domain theory is a method of choice
which can be used to characterize the connectivity in dis-
ordered porous samples such as porous silicon, hierarchical
porous zeolites, etc,>*829:38

Fig. 5, 6 and 7 compare the experimental descending scan-
ning curves with those predicted using the independent
domain theory for the single hollow, small multihollow and
large multihollow zeolites, respectively. The predicted scan-
ning curves are close to their experimental counterpart, there-
fore suggesting that the three zeolite samples possess meso/
macropores that behave mostly independently from each
other. As expected, due to the fact that some of the large poro-
sity consists of pores connected to each other, the predicted
descending scanning curve overestimates the experimental
adsorbed amount at each pressure (even if the differences
remain overall small). Again, this result is due to the fact that
the independent domain theory assumes that all pores behave
independently and, hence, neglects that the desorption of
some pores is facilitated as their neighbors are already empty.
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(a) Tomography view of a representative crystal corresponding to the small multihollow silicalite-1 sample. The size of the sample is about

185 x 150 x 115 nm>. The porosity is shown in green. (b) Cavity size distribution as seen from electron tomography.

The comparison between the data for the two multihollow zeo-
lites suggests that the pores are more connected in the large
multihollow sample than in the small multihollow sample
(since the difference between the theoretical and experimental
scanning curves is larger for the former than for the latter).
This result is in contrast with the known morphology for the
small multihollow zeolite which suggests that the mesoporos-
ity is more disordered and, hence, presumably more connected
than for the single hollow and large multihollow. While these
results seem contradictory, they can be rationalized by noting
that the pressure Pqes at which the descending scanning curve
is performed is lower for the small multihollow zeolite (Pges ~
0.95P;) than for the single hollow and large multihollow zeo-
lites (Pges ~ 0.97Py and Pyes ~ 0.99P,, respectively). As a result,
the fraction of porosity already emptied is larger for the small
hollow sample than for the two other samples so that the
difference between dependent and independent pores leads to
lower adsorbed volume variations.

As shown in the previous analyses, adsorption/desorption
data in such multiscale porous materials provide key infor-
mation that are otherwise difficult to infer from other tech-
niques. In particular, by analyzing the desorption from both
completely filled (main desorption) and partially filled
samples (descending scanning), one can obtain important
data regarding the pore network connectivity. On the other
hand, one drawback of such approaches lies in the presence of
cavitation which prevents from deriving a neck size distri-
bution; indeed, because cavitation is an intrinsic property of
the probe fluid at a given temperature (here, nitrogen at 77 K),
one can only infer the maximum neck size distribution. In
other words, when cavitation is observed, one can only assert
that the neck isolating the fluid in the main cavity from its
external environment is such that its diameter is smaller than
D.. Considering that D, is of the order of a few nm, this makes
is difficult to fully characterize the porosity in multiscale
porous solids such as hierarchical zeolites. In this case, in

This journal is © the Partner Organisations 2022

complement of all adsorption-based characterization tech-
niques, tomography such as electron tomography is a method
of choice as it provides additional information (we note that it
is also often recommended to get data from different adsor-
bates to obtain complementary information®?). To illustrate
the ability of such techniques to probe neck/cavity sizes, we
show in Fig. 8(a) a tomography view of a representative crystal
corresponding to the small multihollow silicalite-1 sample.
These data were used to assess in Fig. 8(b) the cavity size distri-
bution (pores) but also the neck size distribution (junctions).
Such analysis reveals that the junction size distribution is cen-
tered around D ~ 2.0-3.5 nm. Such characteristic neck size,
which is of the order of D, is fully consistent with our analysis
based on nitrogen desorption data and associated scanning
behavior. Indeed, such narrow constrictions with D < D, must
be invoked to rationalize the steep desorption branch observed
at P ~ P.,, in the main desorption data and desorption scan-
ning data.

4. Conclusions

Nitrogen adsorption at low temperature was used to perform
extended characterization of the morphological and topologi-
cal properties of the pore network in hollow zeolite particles.
Our analysis is based on three complementary adsorption-
based techniques: pore size distribution, distribution of
closed/open pores, and pore connectivity. None of these
aspects is novel but the combination of these three aspects is
not standard. Moreover, while hysteresis scanning is a method
of choice that has been used in the past to characterize porous
media (see above references), the hierarchical zeolite samples
considered in our study - without being ideal - constitute an
important playground to test the combined used of these ana-
lyses (even if additional techniques such as microscopy and
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tomography data are needed to guide and/or corroborate the
inferred information).

While such hollow zeolites (in particular the single hollow
zeolite crystals) may not be representative of the hierarchical
porosities found in practical zeolites, their homogeneity in
terms of crystal and cavity dimensions make them ideal
materials to understand low temperature N, adsorption/de-
sorption measurements with the aim to establish qualitative
and quantitative pore structure analysis. The power of such
advanced characterization techniques - which include analyz-
ing adsorption and desorption branches but also scanning of
the desorption within the capillary hysteresis loop - was illus-
trated here by considering different hollow zeolite types: (1)
hollow zeolite particles, (2) zeolite particles with connected
multihollow porosity, and (3) elongated zeolite particles with
rather independent multihollow porosity. In more detail,
regardless of the porosity distribution within the particles, by
using a numerical approach to solve the integral equation
linking the adsorbed amount at a given pressure to the cavity
size distribution, we illustrate that the main adsorption
branch for such complex architectured samples can be used to
derive quantitative cavity size distributions that reflect the
whole porosity. Moreover, by considering the desorption
branch, the amount of closed porosity for each cavity size in
the main cavity size distribution can be inferred. Finally,
additional important information regarding the connectivity
of the meso/macropore distribution within the zeolite particles
can also be derived by scanning the desorption of the system
that is only partially filled at the start of the emptying process.
Such data, which were compared with electron tomography,
were found to provide complementary information about the
way the porosity is distributed in such complex zeolitic
materials.

With the recent boost in the synthesis and design of archi-
tectured nanoporous materials, more and more advanced
zeolite materials (e.g. hierarchical zeolites, zeolite films, nano-
zeolites, dendritic zeolites, etc.>®°°"%%) are available in the lit-
erature. Such rapid developments challenge currently available
characterization techniques which must be complemented by
adding extended methods such as combined approaches for
instance. In this respect, on top of classical techniques such as
X-ray, electron tomography and microscopy, adsorption
remains the method of choice to probe the porosity and
surface area in zeolite solids but also in other nanoporous
solids (Metal Organic Framework, carbon, etc.). As illustrated
in the present paper, adsorption-based strategies beyond BET
surface and cavity size assessment provide key information
regarding the pore network topology/morphology. In particu-
lar, we emphasize that these methods are complementary of
the data obtained from tomography and microscopy tech-
niques as they probe the sample entirely (no sensitivity to the
Representative Elementary Volume being probed). On the
other hand, we found that in most cases adsorption-based
characterization should be guided by constraining the analysis
using additional data from other techniques such as those
cited above. A new momentum in the field of porous media
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characterization is needed as an increasing number of appli-
cations in separation but also in catalysis are based on the syn-
thesis and development of architectured nanoporous solids
with specific pore network topology and morphology. Such
design efforts must be accompanied/guided using robust
adsorption-based characterization techniques. In this context,
we note that well-known additional techniques are available to
successfully characterize multiscale porous materials such as
hierarchical solids. Among such methods, one can find Hg
porosimetry and other gases such as Ar at 87 K and CO, at
room temperature for adsorption-based characterization. In
the context of the present study, we note that mercury porosi-
metry is not suitable as the meso/macro porosity to be ana-
lyzed is only accessible through the zeolite microporosity (as a
result, very large intrusion pressures would have to be con-
sidered with unavoidable damage for the samples). On the
other hand, complementary adsorption using Ar or CO, as
probe molecules would provide additional insights. While CO,
adsorption would allow fine characterization of the zeolite
porosity, Ar adsorption in combination with N, adsorption is
known to provide important data regarding the complex poro-
sity in multiporosity samples.
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