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The significant interest in developing hierarchical materials to overcome the traditional limitations of

microporous catalysts, has led to a wide range of synthesis protocols being developed. In this work we

modify traditional synthetic procedures known to yield highly crystalline microporous materials, by

adding a hydrocarbon surfactant, leading to the formation of hierarchical solid-acid zeotypes;

silicoaluminophosphates. We show for the first time, that small angle neutron scattering can build

a qualitative description of the porosity in hierarchical materials, probing the exact nature of the

micropores and mesopores within our system, that can be adapted to any hierarchical system. When

combined with positron annihilation lifetime spectroscopy and porosimetry measurements we gain

greater insight by exploring the accessibility and interconnectivity of the micropores and mesopores. We

show that by varying the quantity of mesoporogen the size and nature of the mesopores can be finely

tuned. Further, small angle neutron scattering reveals that mesopores are lined with a silica layer, that

strongly influences the accessibility of the micropores. As such we show that our hierarchical materials

contain distinct micropores housing stronger Brønsted acid sites, whilst the mesopores are lined with

weaker silanol groups. This is complemented with a catalytic study focussing on n-butane isomerisation

and ethanol dehydration that highlights the advantages and disadvantages of this design and further

probes the influence of these bimodal porous systems on catalytic performance.
Introduction

Porous materials are widely used in industrial catalysis, where
microporous frameworks (zeotypes), in particular, are central to
many processes.1–3 Due to their improved surface areas, porous
materials can form more isolated active sites,4,5 while still pos-
sessing a high density of accessible active sites. Porosity also
plays a major role in controlling both diffusion and chemical
kinetics.6–8 In the former, the size and density of pores inu-
ence, not only the speed at which reactants reach the active
sites, but also the rate at which products leave, a vital factor for
improving catalyst lifetime.9–11 Chemical kinetics are also
heavily inuenced by the system's porosity, as the constrained
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micropores are known to affect both reaction rate and the
choice of chemical pathway.12–14 As a result of this, there is clear
incentive to further optimise these materials to overcome the
traditional disadvantages of microporous materials, such as
being limited to smaller reagents15 and deactivation due to
pore-blockage.16 By their very nature mesoporous materials,
particularly siliceous materials, such as the well-known SBA-15
(9 nm pore diameter) andMCM-41 (3 nm pore diameter), do not
suffer with such issues. Indeed, such species oen possess
higher surface areas and pore volumes than similar micropo-
rous materials, leading to increasingly isolated active species.
Several studies comparing the activity of microporous and
mesoporous materials have conrmed similar levels of activity,
though, as expected the mesoporous species favoured larger,
bulkier products.17 To consolidate the advantages of micropo-
rous and mesoporous systems, whilst minimising the draw-
backs, interest in hierarchical zeotype materials has grown
rapidly.

Hierarchical materials possess multiple levels of porosity,
typically containing both microporous (#2 nm) and meso-
porous (2–50 nm) features.18–21 There are now multiple
approaches to introduce mesoporosity into microporous mate-
rials, which are loosely categorised as either ‘top-down’ or
This journal is © The Royal Society of Chemistry 2023
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‘bottom-up’ processes.22,23 In a top-down process the micropo-
rous material is modied post-synthetically to create meso-
pores, typically by eroding the framework in a controlled
manner, commonly through desilication or dealumination.22–24

In contrast, bottom-up processes formmesopores alongside the
microporous framework, by introducing a mesopore templating
agent to the synthesis mixture, which is then removed post-
synthesis.22,23 Having such a large variety of methods to create
hierarchical materials means that the benets and drawbacks
of each approach must be carefully evaluated.

Over the last two decades research into hierarchical alumi-
nophosphates (AlPOs) has surged, driven by the desire for
improved methanol-to-olen catalysts.25–27 AlPOs are micropo-
rous materials that are iso-structural to zeolites, oen with
identical framework topologies.28,29 Unlike zeolites, AlPOs are
made of alternating AlO4 and PO4 tetrahedral units bound
together by Al–O–P bonds, instead of primarily SiO4 species
with Si–O–Si bonds as found in zeolites. In zeolites, replacing
a Si4+ framework species with Al3+ is a well understood method
to create acid sites.30,31 Similarly, AlPOs can substitute Si4+ into
the framework to create silicon-substituted aluminophosphates
(SAPOs).32 Si4+ can either exclusively substitute for a framework
P5+ via type II substitution to create isolated active sites, or can
form silicon islands by replacing adjacent Al and P pairs,
through a combination of type II and III substitution.32,33 Both
methods lead to protons binding to a framework oxygen, adja-
cent to the dopant Si, forming Brønsted acid sites (BAS) for acid
catalysis. More recently we have shown that the inclusion of
a surfactant (DMOD; dimethyloctadecyl[(3-(trimethoxysilyl)
propyl] ammonium chloride)) successfully forms hierarchical
SAPO species, which showed improved catalytic activity in the
production of 3-Caprolactam.34 The catalytic improvement was
partially due to the mesopores preventing the build-up of
bulkier coke precursors within the micropores, though another
key factor was the surfactant choice.34,35 The DMOD surfactant
has a polar alkoxysilane head, which interacts with the
synthesis gel, while the hydrocarbon tails will interact with
neighbouring DMOD species, similar to swelling agents. As
a result, it was shown that post-calcination, the silane head-
group of DMOD remained, forming a layer of silica around
the mesopores.34 This introduced a greater range of acid sites
into the hierarchical SAPO systems that could perform the
catalytic rearrangement.

The signicant potential of hierarchical AlPOs is clear,
though to understand the synthesis procedure, and optimise
the catalytic behaviour, it would be desirable to control the
mesopore properties.36 To this end, further studies modifying
the synthesis protocol are required. In this work we focus on
how the DMOD quantity added in the synthesis of SAPO-5
inuences the porosity and catalytic behaviour. While cata-
lytic behaviour can be routinely tested, porosity is oen
harder to probe. Physisorption methods are routinely used to
explore the porosity of the system.32,37 While many methods
exist to quantify the surface area, pore widths and even pore
shapes, physisorption can ultimately only provide informa-
tion on the accessible open space. It cannot give details on the
surface composition or inaccessible voids. Small angle
This journal is © The Royal Society of Chemistry 2023
scattering techniques with neutrons (SANS) or X-rays (SAXS),
however, produce signals based on the contrast between
phases, and does not require a molecular probe.38 These two
phases could, for example, be the empty pore and the
framework walls, therefore providing useful and comple-
mentary insights into porosity.39 Loosely, the intensity of both
SANS and SAXS comes from the square of the difference in
scattering length density (SLD; r) between the two phases,
what is termed ‘contrast’, as well as the number (N) and sizes
(volume, V) of the pores:38,40

I(Q) a (rA− rB)
2NV2

where ri is the SLD of phase i and Q is the magnitude of the
scattering vector. The SLDs themselves are a function of each
phases' mass density, stoichiometry and the scattering length of
the elements present. Elemental X-ray scattering lengths
increase with their atomic number.38 In contrast, elemental
neutron scattering lengths follow a less intuitive trend, with
signicant variations between adjacent elements.38 SAXS
measurements are typically faster, due to the superior brilliance
of X-ray sources compared to neutron sources, but require
much thinner samples, resulting in less bulk averaging.
However, with SANS it is much more straightforward to change
the SLD of the pores by introducing simple liquids into the
system.41 Contrast matching (CM) is where the empty voids of
a material are lled with a liquid, or mixtures of liquids, that
has a similar SLD to the framework. Liquid nitrogen has been
used for silica species,41 though combinations of H2O/D2O, and
non-wetting organic liquids are more common.42,43 This
powerful technique is widely used to look at adsorption
processes, and to simplify a three-phase system, (such as empty
pore, phase 1 and phase 2) to a two-phase system (phase 1 and
phase 2).39 SANS is a common technique for investigating many
porous materials, including silicas,44 aluminas45 and carbons.46

Despite the diverse range of materials studied by SANS, zeolites
are less well-studied,43,47 due to their porosity and structure
being well understood, with little variation expected. However,
the dawn of hierarchical zeotype species makes SANS an
incredibly useful tool for understanding the properties of the
added mesopores, including accessibility, size and surface
composition.

We have previously found that the introduction of DMOD for
the creation of hierarchically porous SAPO-37 resulted in
increased catalytic performance in the Beckmann rearrange-
ment of cyclohexanone oxime to 3-caprolactam.34,48 In this work,
we have systematically studied the introduction of DMOD for
creating hierarchically porous SAPO-5 catalysts, by incorpo-
rating varying quantities of the mesopore templating agent
(DMOD) into a well-established synthetic procedure that was
previously reported34,48 for creating highly crystalline micropo-
rous SAPO-5 (MP-SAPO-5). By using complementary structural
(SANS) physicochemical (N2 Physisorption), textural (PALS) and
acid site characterisation (ssNMR) techniques, we will build
a holistic understanding of the porosity in our hierarchical
systems. This combined with our catalytic ndings on n-butane
isomerisation and ethanol dehydration will provide signicant
J. Mater. Chem. A, 2023, 11, 22822–22834 | 22823
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insight into the design of hierarchical materials, their limita-
tions, and future potential.
Materials and methods
Synthesis

For microporous SAPO-5, pseudo boehmite (AlOOH, 3.0 g),
phosphoric acid (H3PO4, 5.75 g, 85 wt% in water) and deionised
water (22.5 mL) were added to a Teon beaker and stirred for 4
hours. Triethylamine (C6H15N, 5.06 g) and colloidal silica gel
(SiO2, 1.5 g, 40 wt% in water) were added dropwise sequentially
to the gel and then stirred for 2 hours. The gel was then
transferred into PTFE lined autoclaves and heated in the oven at
200 °C for 24 hours. On removal and cooling the samples were
washed with 500 mL of deionised water and dried overnight at
70 °C before being calcined at 550 °C for 16 hours, under a ow
of air, with a ramp rate of 2.5 °C min−1.

For hierarchical SAPO-5, an identical procedure was fol-
lowed, except the surfactant; DMOD (40 wt% in methanol) was
added to the reaction mixture with TEA and colloidal silica
gel. The gel compositions for the materials are listed below
(Table 1).
Small angle neutron scattering (SANS)

SANS data were collected on the LOQ small-angle diffractom-
eter49 at the ISIS Neutron and Muon Source, Didcot, UK.50 This
is a xed-geometry “white beam” time-of-ight instrument
which utilizes neutrons with wavelengths 2.2 # l # 10 Å. Data
are simultaneously recorded on two, two-dimensional, position-
sensitive, neutron detectors situated at 0.5 and 4 m from the
samples, to simultaneously probe scattering vectors in the
range ∼0.007 # Q # 1.4 Å−1, where:

Q = (4p/l)sin q = 2p/d

where 2q is the scattering angle and d is a real-space length
scale. The neutron beam incident on the samples was colli-
mated to 11 mm in diameter.
Table 1 Molar gel ratios of SAPO-5 materials

System Molar gel ratio

MP-SAPO-5 2Al : 2P : 2TEA : 53H2O : 0.34Si
HP-SAPO-5_0.1 2Al : 2P : 2TEA : 53H2O : 0.34Si : 0.1DMOD
HP-SAPO-5_0.2 2Al : 2P : 2TEA : 53H2O : 0.34Si : 0.2DMOD
HP-SAPO-5_0.3 2Al : 2P : 2TEA : 53H2O : 0.34Si : 0.3DMOD

Table 2 Solvent ratios and the corresponding SLD's used in the contras

Liquids D2O (wt%) H2O (wt%) SLD (Å−2)

D2O 100 0 6.4 × 10−

A 69.2 30.8 4.1 × 10−

B 60.9 39.1 3.5 × 10−

H2O 0 100 −0.6 × 10

22824 | J. Mater. Chem. A, 2023, 11, 22822–22834
0.15 g of dried SAPO-5 samples were densely packed into
cylindrical, 1 mm pathlength, synthetic quartz cuvettes (Starna
Type 21/Hellma Type 404). Where required 0.3 mL of D2O/H2O
mixtures were added to these samples, which were sonicated for
15 minutes, ensuring that the SAPO-5 catalysts were fully satu-
rated. Four different solvents were used (Table 2).

SANS data were collected on all four SAPO-5 catalysts, under
‘dry’ conditions.

Further measurements were made on HP-SAPO-5_0.3,
dispersed in the liquids in Table 2, to explore the accessibility
and the origin of the features shown. An empty cuvette and the
pure solvents were also measured as backgrounds. Scattering
data on each sample or background were accumulated for
a total of 120 minutes to gather data of high statistical preci-
sion. Transmission (neutron absorption) data were accumu-
lated for 10 minutes.

Each ‘raw’ 2D data set was then corrected for the detector
efficiencies and spatial linearity, sample transmission and
background scattering, and reduced to 1D differential scat-
tering cross-section data (vS/vU vs. Q) using the MantidPlot
framework (version 4.1.0).51,52

These data were then placed on an absolute scale (cm−1) by
comparison with the scattering from a standard sample (a solid
blend of hydrogenous and perdeuterated polystyrene)
measured under the same instrument conguration in accor-
dance with established procedures.53 In common with the
accepted convention in SANS, we shall henceforth refer to (vS/
vU) as ‘intensity’, I(Q). To derive meaningful structural infor-
mation from the reduced data, as opposed to a fully quantitative
structural renement, optimised model-tting was conducted
using the SasView program (version 4.2.2).54 Further details of
this are provided in the ESI.†
n-Butane isomerisation catalysis

Catalytic butane isomerisation measurements were performed
using a xed bed reactor, containing 0.3 g of calcined material,
pelletised and sieved between 300–500 mm. The sample was
dried at 400 °C for 1 hour under a 80 mL min−1

ow of nitrogen
in the reactor prior to the reaction. Aer this the gas ow was
changed to 5 mL min−1 of 10% n-butane in nitrogen, at 300 °C
under atmospheric pressure. Samples were taken every 15
minutes using an online PerkinElmer Arnel 4035 gas chro-
matogram (GC), equipped with a FID (Flame Ionised Detector)
and an Alumina Sulfate PLOT column, 50 m × 0.53 mm. The
peak areas were then used to calculate conversion and selec-
tivity, normalised based on a molar basis.
t matching study

Contrast to AlPO4 (Å
−4) Contrast to SiO2 (Å

−4)

6 5.29 × 10−12 8.41 × 10−12

6 0 0.36 × 10−12

6 0.36 × 10−12 0
−6 22.1 × 10−12 16.8 × 10−12

This journal is © The Royal Society of Chemistry 2023
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Ethanol dehydration catalysis

Catalysis was performed using a custom-built ow reactor
provided by Cambridge Reactor Design. 0.3 g of calcined cata-
lyst was used for each reaction, sieved between 300–500 mm. The
sample was dried at 400 °C for 1 hour under a 25 mLmin−1

ow
of nitrogen prior to the reaction. The initial temperature
measured was 140 °C, at which point the nitrogen ow was kept
at 25 mL min−1, and a liquid ow of 10 mL min−1 of 10 vol%
heptane (internal standard) in ethanol was own. Aer 40
minutes, 250 mL of the vaporized output was injected as a gas
into a PerkinElmer Clarus 460 GC with a FID, with a HP1 cross
linked methylsiloxane (30 m × 0.32 mm × 1 mm lm thickness)
column. All results shown are the average of three consistent
samples. The temperature was then subsequently increased by
20 °C, and resampled aer 40 minutes as required.

Powder diffraction

Powder X-ray diffraction was performed on a Bruker D2 Phaser
diffractometer using a 1D LYNXEYE detector and 0.6 mm slits,
with Cu Ka1 radiation. Patterns were run over a 2q range of 5–
40° with a scan speed of 3° min−1 and an increment of 0.01°.

Nitrogen physisorption

BET surface area measurements were performed at −196 °C, on
a sample dried under 20 mTorr of vacuum at 120 °C overnight.
Analysis was performed on a Micromeritics Gemini 2375
surface area analyser. Surface area was calculated using the BET
model,55 while the pore width distribution was calculated with
the BJH model.56

Positron annihilation lifetime spectroscopy (PALS)

Samples were degassed overnight at 120 °C prior to being
loaded into an analysis cell. A positron point source (3.5 MBq
22NaCl sealed in Mylar envelope) was placed in the centre of the
3 mm thick packed sample. The samples were measured at
room temperature under vacuum (5 × 10−6 torr) using Ortec
EG&G Spectrometers with a resolution of 230 ps. A minimum of
5 les with 4.5 × 106 integrated counts were collected for each
sample and the resulting time spectra were t using LT-v9
soware.57 The data was t to 5 components and a source
component (1.48 ns, 3.4%). Three of the longer lifetime
components were assigned to micro and mesopores. The life-
times were converted to average pore sizes using the Relative
Tao-Eldrup relationship.58,59 The pore size distributions were
prepared using the PAScual soware.60

Inductively coupled plasma – mass spectrometry (ICP-MS)

10 mg of samples were rst digested in 1 mL of concentrated
HNO3, 1 mL of concentrated HCl and 0.75 mL of concentrated
HF. The samples were heated overnight at 120 °C to ensure that
complete digestion occurred. Samples were then diluted into
60 mL of deionised water and then diluted 1 : 100 into 3%HNO3

in deionised water. These samples were then run on a High
Resolution ICP-MS Thermo ELEMENT 2XR, with appropriate
standards for quantication.
This journal is © The Royal Society of Chemistry 2023
Solid state nuclear magnetic resonance (ssNMR)

Samples were packed into 4 mm pencil-style zirconium oxide
rotors and acquired at a spinning rate of 8 kHz using a 4 mm
RevolutionNMR probe. 1H, 27Al, and 31P spectra were acquired
in triple resonance mode, and29 Si in double resonance on
a Bruker Avance Neo widebore Spectrometer, using a 9.4 T eld,
in air. The sample 1H, 27Al, and 31P, and 29Si T1 relaxation time
was assessed using a saturation recovery pulse technique, which
was used for the respective direct acquisitions.

Scanning electron microscopy (SEM)

SEM images were acquired at the Southampton Biomedical
Imaging Unit, using an FEI Quanta 250 FEG scanning electron
microscope. Samples were sputter coated with platinum prior to
imaging.

Temperature programmed desorption (TPD)

TPD measurements were obtained at TotalEnergies OneTech
Belgium, Feluy using an Autochem II 2920 device from Micro-
meritics. In a typical experiment, 0.5 g of sample is heated up to
600 °C (10 °C min−1) and maintained for 2 h under 50
mLmin−1 of pure He. Next, the sample is cooled down to 150 °C
(10 °C min−1), and aer 30 min the gas feed is changed from
pure He to 30 mL min−1 of a mixture of 10 vol% NH3 in helium.
This condition is maintained for 8 h aer which the gas feed is
again switched to 50 mL min−1 He. Aer 1.17 h required for
detector stabilisation and the removal of physisorbed NH3, the
sample is heated up to 260 °C (10 °C min−1) and maintained for
1 h to fully resolve the rst, low-temperature peak signal.
Finally, the sample is further heated up to 600 °C (10 °C min−1)
and maintained for 40 min to resolve the second, high-
temperature peak signal. Only the latter peak signal was
considered for acidity quantication.

Results and discussions
Conrming the catalysts structural and textural integrity

The integrity of the hierarchical (HP) and microporous (MP)
SAPO-5 systems was initially conrmed using powder XRD
(Fig. S1†), which exclusively showed peaks attributable to the
expected AlPO-5 (AFI) framework.61 Some subtle variations in
peak width and position can be seen, suggesting slight varia-
tions in the unit cell parameters, and in particle size. This is
likely due to the incorporation of disordered mesopores within
the hierarchical systems, causing a relaxation or distortion of
the idealised unit cell. No other peaks are present, conrming
the phase-purity of the systems.

In MP-SAPO-5, 1.4 wt% of Si is present in the framework, due
to the colloidal silica dopant undergoing isomorphous substi-
tution in the framework (Table S1†). The ratio of phosphorus
and silicon to aluminium shows some deviation from unity,
suggesting a mixture of type II and type III Si substitution has
occurred. ICP analysis also shows that introducing DMOD to
the synthesis leads to a signicant increase in the Si content of
the nal material, with HP-SAPO-5_0.1 possessing considerably
more Si thanMP-SAPO-5 (6.1 and 1.4 wt% respectively). Further,
J. Mater. Chem. A, 2023, 11, 22822–22834 | 22825
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Fig. 1 Showing the N2 physisorption isotherms (A) and the corre-
sponding BJH pore distribution plots (B) for microporous and hierar-
chical SAPO-5.
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adding larger quantities of DMOD yields even higher Si loadings
with HP-SAPO-5_0.2 and HP-SAPO-5_0.3 containing 9.8 and
11.2 wt% of silicon, respectively (Table S1†). As the amount of
colloidal silica (non DMOD silica source) does not vary during
the synthesis, and resulted in only 1.4 wt% of Si in MP-SAPO-5,
then most of the Si in the HP-SAPO-5 systems must be attrib-
uted to the silane headgroups. It is likely that these are lining
the mesoporous walls post-calcination, leading to a silica
layer.34 As the DMOD ratio increases, the molar ratio of silicon
and phosphorus to aluminium notably deviates from unity,
again suggesting type II substitution is less prevalent.32,62

N2 physisorption was initially used to explore the porosity of
the systems, here MP-SAPO-5 shows a classic type I isotherm,
showing the system is primarily microporous as expected
(Fig. 1A).63 A subtle hysteresis occurs aer P/P0 = 0.5, which has
Table 3 Molar gel ratios of SAPO-5 materials

System
Surface area
(m2 g−1)

Micropore volume
(cm3 g−1)

M
(

MP-SAPO-5 303 0.12 0
HP-SAPO-5_0.1 315 0.09 0
HP-SAPO-5_0.2 260 0.09 0
HP-SAPO-5_0.3 265 0.05 0

22826 | J. Mater. Chem. A, 2023, 11, 22822–22834
previously been attributed to inter-crystalline voids and surface
roughness.8,33,64

The pore volumes and surface areas of MP-SAPO-5 agree with
previous work, again showing that the majority of the pore
volume is due to the micropores (Table 3).33 The three HP-SAPO-
5 systems show similar surface areas to MP-SAPO-5, but present
a type IV isotherm, supporting the systems being hierarchical,
possessing both micropores and mesopores (Fig. 1A).63 The H4
hysteresis shown is commonly associated with narrow slit-like
pores or hollow spheres, suggesting hindered accessibility to
the mesopores.63 The HP-SAPO-5 species have lower micropore
volumes than the MP-SAPO-5, but larger mesopore volumes,
resulting in a larger total pore volume compared to MP-SAPO-5.

This suggests that varying the quantity of DMOD does not
signicantly affect the total pore volumes or surface areas,
though clearly inuences the mesopore volume at the expense
of the micropore volume, suggesting some micropores may be
becoming blocked. The pore size distribution (Fig. 1B) shows
that the quantity of DMOD also inuences the pore size, as the
maximum, and average pore width decreases with increased
DMOD.We note that our BET data is not suitable to describe the
small pore region (<15 Å), however we can see a preference for
smaller mesopores in the HP systems, as the initial data points
(17 Å) increase with increasing DMOD quantity, again suggest-
ing a tendency towards smaller mesopores. The hierarchical
species also show a subtle feature around 200–250 Å, typically
assigned to intracrystalline voids. Overall, the physisorption
conrms the hierarchical nature of the HP-SAPO-5 systems.
Further these ndings suggest that the mesopore size can be
tailored within a narrow range by careful addition of DMOD.

Positron annihilation lifetime spectroscopy (PALS) was used
in combination with the N2 physisorption data to probe the
porosity of the MP-SAPO-5 and three HP-SAPO-5 systems. While
N2 physisorption is well suited to probing longer length scales
such as mesopores and macropores, PALS can provide
complementary evidence over smaller (micropore) length
scales. PALS identied three distinct lifetimes (Fig. 2); s3, s4 and
s5, relating to positron decay within the catalyst pores. These
lifetimes were in the range of 0.86 to 1.01 ns, 4.0 to 5.2 ns and 30
to 48 ns, respectively in the four SAPO-5 systems. Using the Tao–
Eldrup relationship58,59 these lifetimes were converted into
average pore diameters (Table 4). The three lifetimes (s3, s4 and
s5) have previously been linked to different regions and loca-
tions within a hierarchical SAPO-37 species, also prepared using
a DMOD surfactant.34 s3 corresponds to positrons which decay
within the local microporous structure, specically the d3 value
matches the diameters of the 6-membered rings, which make
esopore volume
cm3 g−1)

Total pore volume
(cm3 g−1)

Average mesopore
width (Å)

.04 0.16 N/A

.14 0.23 49

.16 0.24 38

.16 0.21 32

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 Fitted pore-size distributions of the four SAPO-5materials from
PALS experimental data. Each data set is incrementally increased by
10% for clarity.
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up the secondary building units of the AlPO-5 framework.65

There is some indication that the d3 value increases as DMOD is
increased, however, the changes fall within the range of
uncertainty.

This may be an indication that the mesopores in the HP-
SAPO-5 systems are disrupting the local framework structure.
We also note that the intensity of the s3 lifetime (I3) signicantly
decreases with increased DMOD in the synthesis. This is in
good agreement with the BET ndings, which also suggested
that the micropore volume decreases with increasing DMOD.
The s4 lifetime has previously been attributed to positron decay
within intracrystalline defects and within the main micropore
channel itself. Given that the micropore diameter of SAPO-5 is
7.3 Å, it is likely that s4 is an average of these two features. The
growing quantity of defects may be due to the crystalline
microporous MP-SAPO-5 system being perturbed by mesopores.
This is evidenced again by the intensity of s4 (I4) increasing from
3.3% inMP-SAPO-5, to between 5.0 and 5.9% with the HP-SAPO-
5 series. Finally the s5 lifetime, which represents positron decay
in the mesopores,11,34 is notably larger in the HP systems, also
shows some variation from the HP systems compared to the
MP-SAPO-5 system. Despite not purposefully having mesopores
engineered into MP-SAPO-5, it still has a s5 signal. This is due to
inherent properties of the system, such as intraparticle porosity,
particle agglomeration or defect sites. Notably the lifetime of
the s5 signal for MP-SAPO-5 and the average pore diameter (d5)
are signicantly lower than those present in the three HP-SAPO-
5 samples. This change is due to the of enhanced mesoporosity
Table 4 The fitted PALS data for the four SAPO-5 samples, showing the
average pore diameters (d)

System

Lifetime (ns) Intensit

s3 s4 s5 I3

MP-SAPO-5 0.86 � 0.04 5.16 � 0.34 30.3 � 1.2 26.8 � 3
HP-SAPO-5_0.1 0.87 � 0.05 4.02 � 0.10 41.3 � 1.1 20.2 � 3
HP-SAPO-5_0.2 0.94 � 0.16 4.33 � 0.33 47.6 � 3.6 17.6 � 7
HP-SAPO-5_0.3 1.01 � 0.11 4.70 � 0.24 36.4 � 1.6 12.9 � 3

This journal is © The Royal Society of Chemistry 2023
in the HP systems, extending the PALS lifetime (s5),11,34 as the
positrons reside in large pore diameters (d5), supporting our
nitrogen physisorption ndings. In contrast the MP systems
only possess intraparticle porosity and surface roughness.
However, we note that the uncertainties associated with this
lifetime are much larger than the others, likely due to an
increased spread in the sizes of the mesopores. Despite this we
note that the inclusion of DMOD in the synthesis (HP-SAPO-5)
increases the pore diameter relative to the microporous (MP-
SAPO-5) system, supporting mesopore formation. Thus,
combining the nitrogen physisorption with the PALS data,
highlights the inuence of DMOD inclusion, perturbing the
local environment and promoting mesopore formation.

SEM conrms the highly crystalline nature of MP-SAPO-5,
primarily exhibiting hexagonal crystals, roughly 2–3 mm in
size, in excellent agreement with the hexagonal P6/mcc unit cell
(Fig. S2†). In contrast the HP-SAPO-5 systems are mainly
composed of larger aggregates species (Fig. S3 to S5†), despite
being phase pure and having the expected surface area and pore
volumes. The surface roughness of the HP-SAPO-5 systems
appears more variable, with some areas resembling the MP-
SAPO-5, whilst others do not. This suggests that the addition
of DMOD also signicantly inuences the surface texture and
roughness of the system.
Contrasting acid sites

The 31P and 27Al environments were probed using solid state
NMRmeasurements, to conrm the AlPO structure had formed.
All four SAPO-5 species showed a single 31P peak (Fig. S6A†),
centred at −30 ppm, attributed to the expected tetrahedral
P(OAl)4 environment.64,66 Similarly the 27Al NMR spectra
(Fig. S6B†) all showed a single dominant feature centred at
35 ppm, attributed to the framework Al(OP)4 species.64,67

In some cases, a small shoulder feature was visible in the 27Al
spectra at roughly 10 ppm. This is assigned to small quantities
of extra-framework AlO6 species.64,67 Overall these features
conrm the integrity of the intended AlPO framework.

The 29Si NMR spectra (Fig. S6C†) for the microporous MP-
SAPO-5 species show a dominant feature at −109 ppm, due to
Si(OSi)4 species within silicon islands. This suggests that silicon
has incorporated into the framework via a combination of type
II and type III substitution, as expected from the ICP nd-
ings.8,32,62,64,68,69 A feature at −88 ppm is also present, repre-
senting isolated Si(OAl)4 species, indicative of type II
substitution, with some potential signals between −94 and
three lifetime components (s), with their intensities (I), and calculated

y (%) Average pore diameter (Å)

I4 I5 d3 d4 d5

.7 3.3 � 0.3 4.7 � 0.1 2.8 � 0.1 10.6 � 0.3 25.8 � 0.7

.0 5.9 � 1.0 4.2 � 0.4 2.8 � 0.2 9.4 � 0.1 32.9 � 0.8

.3 5.0 � 0.4 4.8 � 0.1 3.1 � 0.6 9.7 � 0.4 37.8 � 3.0

.0 5.7 � 0.3 4.1 � 0.1 3.4 � 0.4 10.2 � 0.3 29.6 � 1.1

J. Mater. Chem. A, 2023, 11, 22822–22834 | 22827

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3ta04763f


Fig. 3 1H solid state NMR of microporous and hierarchical SAPO-5
species.

Fig. 4 Catalytic data comparing MP-SAPO-5 and HP-SAPO-5 for the
isomerisation of n-butane. Reaction conditions: 5 mL min−1

flow of
10% n-butane in nitrogen at 300 °C, 0.3 g of catalyst. Data taken after
60 minutes on stream.
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−97 ppm due to Si(OSi)1(OAl)3 on the periphery of silicon
islands.8,32,64 The addition of DMOD to the synthesis gel
appeared to increase the relative intensity of the main
−109 ppm feature, compared to the−88 ppm signal. As such we
see evidence from the 29Si NMR that some of the colloidal silica
species underwent successful framework substitution in MP-
SAPO-5. However, in contrast the DMOD did not undergo
successful framework substitution. This supports our hypoth-
esis that the Si from the DMOD surfactant is in a highly-
siliceous phase, with limited contact with the AlPO frame-
work.34 1H NMR (Fig. 3) was able to give more direct evidence on
the acidity of the system, showing a range of environments.

The microporous MP-SAPO-5 species shows three main
signals at 4.6, 3.6 and 1.7 ppm. The former is associated with
water within the framework material, whereas the 3.6 ppm
signal is due to the presence of BAS, indicative of isomorphous
silicon substitution into the framework.34,70 The 1.7 ppm signal
is typically assigned to the Si–OH species, suggesting some
silanol defects are present, due to silicon islanding or incom-
plete silicon substitution, as seen in the 29Si NMR signal.34,70

Another subtle feature at 0.6 ppm is also present in the micro-
porous MP-SAPO-5 which is due to the presence of terminal P–
OH groups, which are ever-present on the surface of AlPO
materials.34,70 There is also a shoulder peak around 6.0 ppm,
which we attribute to being either bulk water or hydrogen-
bonded silanol species.68 We note in the HP-SAPO-5 systems
that there is a shi in peak positions to higher chemical shis.
This has previously been attributed to the presence of meso-
pores changing the connement of the different species,
however the shi is not signicant enough to change the signal
assignments.70 More noticeable is the change in the relative
intensities of the Si–OH and BAS signals. These signals are at
similar intensities in the MP-SAPO-5 species but increasing
quantities of DMOD show a transition to the Si–OH signal
becoming dominant. This nding further supports the
hypothesis that the DMOD surfactant is creating a silica layer,
rich with silanols.34

The acidity of the four systems were probed using ammonia
temperature probe desorption (NH3-TPD, Table S2†). The
measurements showed the presence of chemisorbed NH3
22828 | J. Mater. Chem. A, 2023, 11, 22822–22834
species, ascribed to moderate-strong acid sites, all desorbing
within the 370–390 °C region.71 However, there were few
discernible trends between the four systems, possibly due to the
wide variety of species present. We note that adding DMOD to
the system (HP-SAPO-5 species) increased the quantity of NH3

desorbed in this region, from 188 mmol gsample
−1 to between

245–330 mmol gsample
−1 (Table S2†). This conrms that the

addition of DMOD noticeably increases the total acidity of the
systems. We also note that the total acidity of the microporous
(MP-SAPO-5) system is signicantly lower than the theoretical
acidic quantity, if all Si present had formed isolated acid sites
via type II substitution (498 mmol gsample

−1). This supports our
Si NMR ndings, which show that a signicant quantity of
Si(OSi)4 species are present.32
Catalysis ndings

The four SAPO-5 catalysts were tested for their activity in the
acid-catalysed isomerisation of n-butane (Fig. 4 and S7†).
Typically, this reaction is initiated by strong BAS, regardless of
whether the mono- or bi-molecular mechanism is dominant, as
both require the activation of a C–H bond.72 Given that both the
n-butane reactant and iso-butane product readily t within the
7.3 Å cylindrical pores of the AlPO-5 framework, the micropore
geometry should not hinder the reaction. This means that the
catalysis data here should be a useful indicator for the nature of
the active sites and their accessibility.

Despite possessing framework acid sites, all three HP-SAPO-
5 systems were relatively inactive, achieving <5 mol% conver-
sion in all cases, mostly converting to isobutane (Fig. 4 and S7†).

In contrast the MP-SAPO-5 was much more active, achieving
roughly 12 mol% conversion of n-butane, primarily to isobu-
tane. This cracking behaviour is typically associated with strong
acid sites.72 This suggests that despite the HP-SAPO-5 systems
possessing a greater quantity of acid sites, they are weaker than
those in MP-SAPO-5. This would suggest that the stronger BAS
due to framework silicon substitution (MP-SAPO-5) are being
blocked or weakened by the presence of the silanol species from
This journal is © The Royal Society of Chemistry 2023
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DMOD. This hypothesis aligns with our recent work on the
Beckmann rearrangement, a reaction known to require weaker
acid sites.8,64 Previously we showed that a hierarchically porous
SAPO-37 system (prepared with DMOD) featured improved
activity compared to the analogous microporous SAPO-37
system,48 which was attributed to the increased quantity of
silanol species. However, we must consider the differences in
the two processes, as the Beckmann rearrangement is known to
require much weaker strength acid sites for optimal perfor-
mance.8 In principle, the Beckmann rearrangement could be
activated by weaker silanol species, whereas the n-butane iso-
merisation is unlikely to be. Despite this, the signicant
differences in conversion are surprising, especially given the
higher acid site density of the HP-SAPO-5 systems.

The four materials for the acid-catalysed dehydration of
ethanol to ethylene (Fig. 5 and S8†), a reaction where SAPO-5
has shown reasonable activity,33 and which does not exclu-
sively require stronger acid sites. We have previously shown that
this reaction proceeds via a two-step mechanism in SAPO
materials.73 The initial step sees ethanol molecules rapidly
combine to form the diethyl ether (DEE) intermediate, which
then decomposes to give ethylene, with the latter step being
rate-limiting.73 The materials were tested under identical
conditions, over a range of 140–260 °C to observe the changes in
the reaction prole. We see that the introduction of DMOD
reduces the overall activity of the system, as seen by increased
ethanol output (Fig. S8A†), with increased temperature lowering
the ethanol output. This again shows that the extra Si species
from the DMOD surfactant are either not contributing to the
reactivity or are hindering it.

Further we observe the reverse trend for ethylene (Fig. S8B†),
where greater quantities of DMOD led to lower quantities of the
nal product; ethylene, again with higher temperatures
improving the activity, forming more ethylene. The DEE prole
is more enlightening (Fig. 5), as each SAPO-5 system goes
through a maximum DEE value, with the temperature of this
maximum depending on the DMOD concentration. MP-SAPO-5
reaches a maximum DEE concentration at 200 °C, with HP-
Fig. 5 Showing the DEE intermediate concentration of the reaction
output for catalytic ethanol dehydration. Reaction conditions: 25
mL min−1 of nitrogen carrier gas, 10 mL min−1

flow of 10% heptane in
ethanol, 0.3 g of catalyst sieved between 500–300 mm.

This journal is © The Royal Society of Chemistry 2023
SAPO-5_0.1 and HP-SAPO-5_0.2 both reaching the maxima at
220 °C. Finally, HP-SAPO-5_0.3 reaches its maximum DEE value
at 240 °C, again highlighting the difference in activity and
acidity in these four systems. Despite the HP-SAPO-5 species
possessing a greater number of acid sites than the MP-SAPO-5
species, in both reactions (n-butane isomerisation and
ethanol dehydration) they exhibited inferior catalytic activity.
To rationalise these ndings further we explored the porosity of
these systems further using SANS measurements.
Probing porosity with SANS

The SANS data from the four bare dried SAPO-5 catalysts show
a variety of features over the wide Q range studied (0.007 to 1.4
Å−1, corresponding to distances between 900 and 5 Å, Fig. 6).
Stark differences can be seen between the MP-SAPO-5 and three
HP-SAPO-5 systems. In the low Q range (<0.01 Å−1) the MP-
SAPO-5 instantly diverges from the three HP-SAPO-5 systems
as Q increases, decaying at a faster rate, to a higher power of Q.
This faster decay in MP-SAPO-5 is indicative of scattering from
surfaces that are less rough, as seen in the SEM images (Fig. S2–
S5†).40 The MP-SAPO-5 data is then largely featureless below 0.5
Å−1, whereas two oscillations can be seen in the HP-SAPO-5
systems at Q values of roughly 0.02 and 0.04 Å−1. It is only
beyond these oscillations, in the 0.1 to 0.4 Å−1 Q range, that the
three HP-SAPO-5 systems differ from one another. This
Fig. 6 SANS data of the four dried, bare, SAPO-5 species over full Q
range (A) and zoomed in on high Q range (B).

J. Mater. Chem. A, 2023, 11, 22822–22834 | 22829
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Fig. 7 CM-SANS data from HP-SAPO-5_0.3. The scattering from the
solvents has deliberately not been subtracted to emphasise the
differences between the data. The scattering from an empty cuvette
has been subtracted. These data are not artificially displaced for clarity,
instead the background level rises as the contribution from incoherent
scattering from normal hydrogen atoms increases.
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corresponds to length scales of 60 to 15 Å, the mesopore region,
where those samples prepared with an increased DMOD ratio
exhibit slightly greater intensity. Aer these features, all four
datasets loosely converge onto a similar background with two
notable dened peaks at Q values of 0.52 and 0.92 Å−1 (d values
of 12.6 and 7.0 Å respectively).

To interpret these data in amethodical manner we started by
modelling the simpler MP-SAPO-5 system. This system is better
dened, and only contains the microporous SAPO (principally
AlPO4) phase, making it a logical starting point before tackling
the more complex HP-SAPO-5 systems.

The MP-SAPO-5 system was modelled in SasView54 using
a weighted summation of terms, as is common in small angle
scattering analysis.74,75 Here a power law term for the interfacial
scattering from the pores, a fractal term, which importantly
includes a structure factor (S(Q)) and accounts for micropores
(where the aggregates are comprised of homogeneous but
polydisperse ‘building blocks’: the pores), and two Gaussian
functions to model the dened diffraction peaks (Fig. S9†) were
summed. This requires 14 parameters, however many are
conned, such as the Gaussian peak positions (0.50 to 0.55 Å−1

and 0.90 to 0.95 Å−1) and also the power law exponent (3 to 4)
and fractal dimension (2 to 3).

We emphasise here that the SAPO structures studied are
complex species, and the standard summation approach
chosen is used to understand the characteristics of the systems,
and is not meant to be a full structure renement. Other
combinations of these terms were examined, but all resulted in
inferior ts (Table S3 and Fig. S10†). What this highlighted was
a subtle complexity to the scattering in the intermediate-Q
region. The detail of the tting is provided in the ESI.†

The only structural parameters xed during parameter opti-
misation were the SLD's of the AlPO4 framework (4.1× 10−6 Å−2)
and the empty pores (0.0 × 10−6 Å−2; air).

At low-Q the scattering decayed as ∼Q−4 in accordance with
Porod's law,76 indicating a well-dened interface at the supra-
mesoscopic level, as might be expected. In the intermediate-Q
(mesoscopic) regime, the model envisages fractal aggregates of
roughly 61 Å in size, assembled from units of mean radius 14 Å
(with a lognormal polydispersity of 30%). These values likely
represented a combination of the distances between the centre
of the micropores within the hexagonal AlPO-5 system, and the
intracrystalline porosity seen in the PALS data (Fig. 2 and Table
4). The fractal dimension of the aggregates, 2.54, is typical of
porous materials (between 2 and 3), and close to the value ex-
pected from weakly-segregated or percolating networks (2.5).40

The two Gaussian peaks were centred at 0.523 and 0.911 Å−1,
corresponding to d values of 12.01 and 6.90 Å. These two values
are in excellent agreement with both our experimental, and
theoretical d spacings for the 100 and 110 Bragg peaks in the
AFI framework at 2q = 7.4° (11.9 Å) and 12.9° (6.9 Å) with Cuka
X-radiation. It is possible that these features could also be
associated with the microporosity of the system, however we
feel that the exact positions, and shape, provide rm evidence
that these features are diffraction peaks from the crystalline
planes within the unit cell, reinforcing our XRD ndings.
However the presence of these diffraction peaks makes it highly
22830 | J. Mater. Chem. A, 2023, 11, 22822–22834
challenging to resolve any other features in this region, or to
deduce the surface area of the sample by application of Porod's
law.40,76 Overall this model produced a good t to the SANS data,
with intuitive values that reect the expected AlPO-5 framework.

The HP-SAPO-5 systems are more complex, owing to the
hierarchical mesopores present, and the potential presence of
a SiO2 third phase, likely lining those mesopores. Attempting to
model the HP-SAPO-5 systems with the same (2 Gaussian +
power law + fractal aggregate) model used on the MP-SAPO-5
gave poor ts (Table S4 and Fig. S11†). Most notably, large
deviations were seen in the oscillations in the low Q region (0.01
to 0.06 Å) and the ‘mesoporous region’ of 0.1 to 0.4 Å. To better
understand these features a contrast matching (CM-SANS)
study was undertaken on HP-SAPO-5_0.3 (Fig. 7). The inten-
tion was to vary the SLD of the void space, as outlined in Table 2,
and see what effect this had on mesopore scattering.

As expected, the addition of H2O and D2O mixtures had
a dramatic effect on the SANS data (Fig. 7), though we particu-
larly focussed on their inuence on the oscillations in the low Q
region (0.01 to 0.06 Å). Solvent A had a SLD of 4.1 × 10−6 Å−2,
intended to contrast match the AlPO4 phase, while solvent B
had a SLD of 3.5 × 10−6 Å−2 to match any SiO2 phases. This is,
however, a narrow range of solvents to work with. Fig. 7 shows
the low Q oscillations were successfully contrast-matched with
solvent B, but remained with solvent A, suggesting that these
features are indeed associated with the SiO2 phase, and are
accessible, at least to a small probe molecule like water. Given
that the SiO2 phase is believed to coat the inside of the meso-
pores, adding a core–shell term to the model, with a void space
core, a SiO2 shell and AlPO4 as the continuous matrix would
seem an intuitive approach for characterising the structure of
HP-SAPO-5_0.3. This was considered for the low Q (0.01 to 0.06
Å) region, but subsequently rejected, as regardless of the SLD of
the core (D2O, H2O, air, etc.), the oscillations occur at the same
Q values. Whereas, in a spherical core–shell model, changing
the SLD of the core, whilst keeping the SLD of the shell and
This journal is © The Royal Society of Chemistry 2023
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Fig. 8 (A) Final fits of SAPO-5 materials, each data set has been
successively incremented by a factor of 10 for ease of comparison. (B)
Showing the residuals to the fits.
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solvent constant, would change the position of the oscillations
(Fig. S12†), which is not seen here. The constant position of
these oscillations, despite the varying SLD of the core, lends
itself to a crystallographic explanation. Ordered mesoporous
silica species such as SBA-15, SBA-16 and MCM-41 show
features in similar Q regions arising from diffraction peaks of
the ordered mesopores.77–79 As such, we have incorporated two
additional Gaussian peaks into the model to account for these
low-Q oscillations (Table S5 and Fig. S13†), which greatly
improved the t in the 0.01 to 0.06 Å region. The centre of these
peaks were found to be at Q ∼ 0.022 (d = 286 Å) and 0.044 Å−1

(d = 143 Å) separated by a factor of 2, again strengthening the
belief that the mesopores possess some ordered packing.39,77–79

Therefore, we believe that these oscillations are in fact Bragg
reections. If this is the case, this would suggest that the
distribution of SiO2, and therefore the mesopores, is not
completely random, as originally expected. However, consid-
ering the breadth of these peaks (particularly compared to other
systems), we cannot claim more than the existence of partial
long-range order. The position of these peaks was also invariant
of the DMOD quantity added.

We now focus on the 0.1 to 0.4 Å−1 region, in the scattering
from dry HP-SAPO-5 systems. We expect that DMOD surfactant
forms spherical mesopores in our HP-SAPO-5 systems from the
H4 hysteresis shape. Attempts to introduce a simple sphere
model, in this Q region, reproduced the experimental data well,
however this model suggested that even the largest radii were
below 13 Å (Table S6 and Fig. S14†). Thus far there is no indi-
cation on the shape of the mesopores in the HP-SAPO-5
systems. As such their contributions are initially modelled as
a sphere to minimise parameters in the model.

The diameter of the spheres modelled were considered too
small to be realistic, given our N2 physisorption and PALS
ndings. To improve both the accuracy and realism, a core–
shell sphere term was used instead, with the aim of describing
regular or lined mesopores, with an empty void space core,
a SiO2 shell and an AlPO4 solvent. Again, this leads to multiple
parameters, but many are xed or constrained, and are there-
fore not all freely optimised. In all cases this produced radii in
the 20 to 23 Å region (Table S7 and Fig. S15†), in good agree-
ment with the 32 to 50 Å mesopore width (diameter) from N2

physisorption (Table 3 and Fig. 1) and the 25 to 37 Å values from
PALS (Fig. 2 and Table 4). Further the mesopore size decreased
on adding greater quantities of DMOD, also in agreement with
N2 physisorption ndings.

The inclusion of the core–shell sphere term to the model led
to excellent ts for all three HP-SAPO-5 systems (Fig. 8 and S16).
The nal parameters of the fully tted models are shown in
Table S7† and summarised in Table 5. Notably the SLD used for
the SiO2 shell (3.6 × 10−6 Å−2) is that of bulk silica, suggesting
the silica layer is non-porous, this supports the theory that
access to the mesopores is strained, as seen in our nitrogen
physisorption measurements.

In our HP-SAPO-5 systems the power law and fractal law
terms showed little deviation from each other and the original
MP-SAPO-5 system (Tables S3 and S7, and Fig. S17†).
This journal is © The Royal Society of Chemistry 2023
We note that the power term remains close to 4, while the
fractal exponent varies slightly from 2.5 in MP-SAPO-5, to
between 2.7 and 2.8 in the HP-SAPO-5 systems. This deviation is
likely due to the presence of mesopores segregating the pore
network further.40 Further we note that the fractal aggregate
(correlation length) has also increased from 62 to around 103 Å,
possibly due to the mesopores again leading to greater segre-
gation between the microporous region.

The fully tted models conrm the trends seen in the raw
data, such as the mesoporous region being more pronounced
with greater DMOD quantities (Fig. 6). This is reected in the
scale (magnitude) of the core–shell sphere term, which is
proportional to the pore volume, increasing with increasing
DMOD ratio. This agrees with the physisorption data, namely
that more DMOD leads to more mesopores, and thus more
mesopore volume. SANS mesopore width, decreases with
increasing DMOD quantities, as is also seen in the phys-
isorption data. These values are also in relatively good agree-
ment, with the physisorption data returning values of 49, 38 and
32 Å for the pore-widths of the 0.1, 0.2 and 0.3 HP-SAPO-5
species respectively. Similarly, here, the SANS analysis calcu-
lates values of 47, 45 and 40 Å, suggesting that the analysis is
reasonable. The core–shell sphere term in all cases predicts the
thickness of the silica shell is between 17–21 Å in all cases,
without an obvious trend. This suggests a substantial silica
J. Mater. Chem. A, 2023, 11, 22822–22834 | 22831
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Table 5 Summary of parameters for the final fits of the four SAPO-5 species

Parameter MP-SAPO-5a HP-SAPO-5_0.1b HP-SAPO-5_0.2b HP-SAPO-5_0.3b

1st Gaussian position (Å) 12.01 12.01 12.01 11.99
2nd Gaussian position (Å) 6.90 6.84 6.79 6.91
3rd Gaussian position (Å) — 273 273 273
4th Gaussian position (Å) — 140 143 143
Core–shell sphere scale — 0.031 0.036 0.039
Core radius (Å) — 23.5 22.6 20.1
Shell thickness (Å) — 20.1 20.7 17.3

a For in-depth tting parameters of the 2 Gaussian, power law and fractal model see Table S3 in the ESI. b For in-depth tting parameters of the 4
Gaussian, power law, fractal and core–shell sphere model see Table S7 in the ESI.
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shell is present in these systems, and could block the reactants
from accessing the micropores, as also seen by the decreasing
micropore volume, and/or the acid active sites (as seen from
ssNMR) within the micropores.

These SANS ndings have allowed us to interpret our catal-
ysis ndings (Fig. 4, 5, S7 and S8†), where the three HP-SAPO-5
species all performed notably worse than the MP-SAPO-5. We
can now attribute this to a combination of two main factors.
Firstly, the introduction of mesopores creates an alternative
void for the reagents to occupy, however as these possess only
weak silanol sites, this region cannot perform catalytic trans-
formation. Secondly, the presence of the non-porous silica
lining appears to distort the microporous features (as seen by
PALS), and further will hinder access to the stronger BAS within
the micropores. It is likely that the extent of micropore blockage
is larger in this work, compared to our previous works as we
have used a 1D channel system, SAPO-5, while our previous
work focussed on 3D cage structures; in SAPO-34 and SAPO-
37.34,48 This study therefore shows that while hierarchical
materials can improve on catalytic activity over traditional
microporous analogues,34,48 care must be exercised in the
design and surface chemistries of the mesopores created. This
reinforces the need for intelligent design of hierarchical
systems, requiring systems to be tailored for specic applica-
tions. Further, while this synthesis method was not benecial
for the studied reactions, many possible applications do exist
where combining a mesoporous silica surface with micropores
in an AlPO framework is benecial. Having distinct mesoporous
and microporous regions with differing active sites permits
tethering active sites onto the silica, while having separate
active sites in the AlPO pore, creating two unique distinct
catalytic environments in one system, which could be exploited
for cascade or domino catalysis.80
Conclusions

Hierarchical AlPOs have the potential to combine the tradi-
tional catalytic selectivity of microporous AlPOs with faster
diffusion rates and catalytic lifetime, towards improved catalyst
performance. We have shown that by including a mesoporous
surfactant, DMOD, into the synthesis procedure one can not
only form hierarchical materials, but also control their prop-
erties, by adjusting the quantity of surfactant added. We
22832 | J. Mater. Chem. A, 2023, 11, 22822–22834
emphasise here, that unlike the MP-SAPO-5 synthesis, where
ssNMR shows some silicon had successfully substituted into
the framework, there was no evidence that DMOD successfully
went into the framework, instead contributes primarily to the
formation of mesopores. Through a combination of acid site
characterization, physicochemical techniques and SANS we
have demonstrated new synthetic methods to control not just
the quantity, but also the size of mesopores formed within an
AlPO system. Using the unique insights from SANS we were able
to correlate the properties of the mesopore to the catalytic
performance of the system, providing useful information on
catalyst design. Here the presence of a silica shell, coating the
mesopores, was found to strongly inuence the catalytic
behaviour, while simultaneously offering a wide range of
possibilities in tandem catalysis.
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24 D. Verboekend and J. Pérez-Ramı́rez, Catal. Sci. Technol.,
2011, 1.

25 J. W. Zhong, J. F. Han, Y. X. Wei, P. Tian, X. W. Guo,
C. S. Song and Z. M. Liu, Catal. Sci. Technol., 2017, 7,
4905–4923.

26 D. Xi, Q. Sun, X. Chen, N. Wang and J. Yu, Chem. Commun.,
2015, 51, 11987–11989.

27 Q. Sun, N. Wang, R. Bai, G. Chen, Z. Shi, Y. Zou and J. Yu,
ChemSusChem, 2018, 11, 3812–3820.

28 H. O. Pastore, S. Coluccia and L. Marchese, Annu. Rev. Mater.
Res., 2005, 35, 351–395.

29 M. Hartmann and L. Kevan, Chem. Rev., 1999, 99, 635–664.
30 P. N. Plessow, A. Smith, S. Tischer and F. Studt, J. Am. Chem.

Soc., 2019, 141, 5908–5915.
31 P. Losch, H. R. Joshi, O. Vozniuk, A. Grunert, C. Ochoa-

Hernandez, H. Jabraoui, M. Badawi and W. Schmidt, J. Am.
Chem. Soc., 2018, 140, 17790–17799.

32 M. E. Potter, ACS Catal., 2020, 10, 9758–9789.
33 M. E. Potter, M. E. Cholerton, J. Kezina, R. Bounds,

M. Carravetta, M. Manzoli, E. Gianotti, M. Lefenfeld and
R. Raja, ACS Catal., 2014, 4, 4161–4169.

34 S. Chapman, M. Carravetta, I. Miletto, C. M. Doherty,
H. Dixon, J. D. Taylor, E. Gianotti, J. Yu and R. Raja, Angew
Chem. Int. Ed. Engl., 2020, 59, 19561–19569.

35 L. H. Chen, M. H. Sun, Z. Wang, W. Yang, Z. Xie and B. L. Su,
Chem. Rev., 2020, 120, 11194–11294.

36 D. Jin, L. Li, G. Ye, H. Ding, X. Zhao, K. Zhu, M.-O. Coppens
and X. Zhou, Catal. Sci. Technol., 2018, 8, 5044–5061.

37 C. Schlumberger and M. Thommes, Adv. Mater. Interfaces,
2021, 8, 2002181.

38 C. G. Windsor, J. Appl. Crystallogr., 1988, 21, 582–588.
39 A. Holewinski, M. A. Sakwa-Novak and C. W. Jones, J. Am.

Chem. Soc., 2015, 137, 11749–11759.
40 Y. B. Melnichenko, Small-Angle Scattering from Conned and

Interfacial Fluids, 2016.
41 B. Smarsly, C. Goltner, M. Antonietti, W. Ruland and

E. Hoinkis, J. Phys. Chem. B, 2001, 105, 831–840.
42 M. Erko, D. Wallacher, A. Brandt and O. Paris, J. Appl.

Crystallogr., 2009, 43, 1–7.
43 P. S. Singh, V. K. Aswal, S. G. Chaudhri and W. Schwieger,

Microporous Mesoporous Mater., 2018, 259, 99–110.
44 L. Ludescher, R. Morak, C. Balzer, A. M. Waag, S. Braxmeier,

F. Putz, S. Busch, G. Y. Gor, A. V. Neimark, N. Husing,
J. Mater. Chem. A, 2023, 11, 22822–22834 | 22833

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3ta04763f


Journal of Materials Chemistry A Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

0 
Se

pt
em

be
r 

20
23

. D
ow

nl
oa

de
d 

on
 5

/6
/2

02
6 

8:
05

:2
8 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
G. Reichenauer and O. Paris, Langmuir, 2019, 35, 11590–
11600.

45 A. Christoulaki, A. Chenneviere, I. Grillo, L. Porcar,
E. Dubois and N. Jouault, J. Appl. Crystallogr., 2019, 52,
745–754.

46 Z. Mileeva, D. K. Ross, D. Wilkinson, S. M. King, T. A. Ryan
and H. Sharrock, Carbon, 2012, 50, 5062–5075.

47 M. Juneau, R. Liu, Y. Peng, A. Malge, Z. Ma and
M. D. Porosoff, ChemCatChem, 2020, 12, 1826–1852.

48 S. H. Newland, W. Sinkler, T. Mezza, S. R. Bare,
M. Carravetta, I. M. Haies, A. Levy, S. Keenan and R. Raja,
ACS Catal., 2015, 5, 6587–6593.

49 R. K. Heenan, J. Penfold and S. M. King, J. Appl. Crystallogr.,
1997, 30, 1140–1147.

50 https://www.isis.stfc.ac.uk.
51 O. Arnold, J. C. Bilheux, J. M. Borreguero, A. Buts,

S. I. Campbell, L. Chapon, M. Doucet, N. Draper, R. Ferraz
Leal, M. A. Gigg, V. E. Lynch, A. Markvardsen,
D. J. Mikkelson, R. L. Mikkelson, R. Miller, K. Palmen,
P. Parker, G. Passos, T. G. Perring, P. F. Peterson, S. Ren,
M. A. Reuter, A. T. Savici, J. W. Taylor, R. J. Taylor,
R. Tolchenov, W. Zhou and J. Zikovsky, Nucl. Instrum.
Methods Phys. Res., Sect. A, 2014, 764, 156–166.

52 https://www.mantidproject.org.
53 G. D. Wignall and F. S. Bates, J. Appl. Crystallogr., 1987, 20,

28–40.
54 https://www.sasview.org.
55 S. Brunauer, P. H. Emmett and E. Teller, J. Am. Chem. Soc.,

1938, 60, 309–319.
56 E. P. Barrett, L. G. Joyner and P. P. Halenda, J. Am. Chem.

Soc., 1951, 73, 373–380.
57 J. Kansy, Nucl. Instrum. Methods Phys. Res., Sect. A, 1996, 374,

235–244.
58 S. J. Tao, J. Chem. Phys., 1972, 56, 5499–5510.
59 M. Eldrup, D. Lightbody and J. N. Sherwood, Chem. Phys.,

1981, 63, 51–58.
60 C. Pascual-Izarra, A. W. Dong, S. J. Pas, A. J. Hill, B. J. Boyd

and C. J. Drummond, Nucl. Instrum. Methods Phys. Res.,
Sect. A, 2009, 603, 456–466.
22834 | J. Mater. Chem. A, 2023, 11, 22822–22834
61 A. J. Mora, A. N. Fitch, M. Cole, R. Goyal, R. H. Jones, H. Jobic
and S. W. Carr, J. Mater. Chem., 1996, 6, 1831–1835.

62 I. Pinilla-Herrero, C. Márquez-Álvarez and E. Sastre, Catal.
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77 S. Jähnert, D. Müter, J. Prass, G. A. Zickler, O. Paris and

G. H. Findenegg, J. Phys. Chem. C, 2009, 113, 15201–15210.
78 M. Schoeffel, N. Brodie-Linder, F. Audonnet and C. Alba-

Simionesco, J. Mater. Chem., 2012, 22, 557–567.
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