COMMUNICATION

www.rsc.org/chemcomm | ChemComm

In situ assembly of layered double hydroxide nano-crystallites within
silica mesopores and its high solid base catalytic activityf
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Mg-Al layered double hydroxide (LDH) nanocrystallites with a
lateral size less than 9 nm were in situ synthesized within the
pore channels of mesoporous silica materials, creating one of the
most active heterogeneous base catalysts owing to the high
number of active edge sites.

Layered double hydroxides (LDHs) are a class of promising
solid base catalysts which have the general formula of
Me,_"Me,""(OH),A . -nH,0, where Me(1) and Me(in) are
metal cations and A denotes anions. The structure of LDHs
consists of brucite-like layers, with Me(i1) cations partially
substituted by Me(in) cations resulting in a net positive charge
which is neutralized by the incorporation of exchangeable
anions in the hydrated interlayer region."> The basic proper-
ties of LDHs and the materials derived from them can be
tailored by altering the identity of cations in the layers, the
Me(11)/Me(m) ratio, the nature of compensating anions, and
activation conditions. The resulting materials are environmen-
tally friendly solid base catalysts effective for reactions such as
aldol condensations, alkylation and isomerization.> Recent
studies showed that the actual active sites participating in
catalysis are situated at the edges of the platelets.*® Generally,
the number of exposed edge active sizes is limited by the lateral
size of the LDH crystallites and increases with decreasing
particle size. So that solid base catalysts composed of nano-
meter sized particles should have more active sites on the
surface than those of larger particles, and thus will have
enhanced catalytic activity. Efforts have been made to mini-
mize the lateral size of the LDH in recent years.*® However,
for nanometer sized catalyst particles, there are considerable
difficulties in separating and reclaiming the catalyst at the end
of the reaction in liquid systems. An effective solution to this
problem is to select appropriate materials as catalyst support.
Recently, Winter et al. reported carbon nanotube-supported
LDH platelets with a lateral size of 20 nm, and the resulting
activated catalyst showed relatively high activity in the self-
condensation of acetone and in the condensation of citral with
acetone. The significant increase in efficiency was found to be
related to the small crystallite size of the LDH platelets.'® It
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can be expected that synthesizing even smaller LDH crystal-
lites will be beneficial to obtain more efficient catalysts.

Mesoporous silica material as a kind of common support
for catalysts has attracted considerable attention in the past
decade due to its nanosized pore structure and relatively good
thermal and chemical stability.!' Its large surface area and
well-defined tunable nano-pore size provides a good opportu-
nity for confining the growth of guest materials. Various kinds
of guests such as metals, oxides, sulfides and organic molecules
have been successfully loaded in the pore channels.'! However,
no reports can be found on loading layered materials within
the mesopore channels, probably due to the difficulties in
preventing the formation of large guest particles outside of
the pore structure. In this paper, a typical layered double
hydroxide, nano-crystalline Mg-Al LDH was in situ and
exclusively synthesized within the nanosized pore channels of
mesoporous silica SBA-15 by using the pore channels as the
micro-reactors and the resulting material was used as a highly
active catalyst for base catalysis applications.

A schematic illustration of the synthetic pathway to meso-
pore confined LDH nano-catalyst is shown in Scheme 1. The
mesoporous silica SBA-15 with high hydrothermal stability
was synthesized according to the literature procedure using
triblock poly(ethylene oxide)/poly(propylene oxide)/poly-
(ethylene oxide), (EO,0PO70EO,), as a template under acidic
conditions.'? ! Before being used as a template to confine the
growth of LDH, the outer surface of SBA-15 was modified
with hydrophobic Si-CHj; groups and then the surfactant was
removed from the pore channels by solvent extraction, as in
our previous studies.'* This pre-treatment was necessary to
prevent the formation of large LDH crystals outside the pore
channels of SBA-15, as will be described later.

Immerging in
Mg(NOa)2+Al(NOa)s
mixed solution

Thermal
treatment

Scheme 1 Schematic illustration of synthetic pathways for mesopore
confined LDH base catalyst. (a) SBA-15 pre-modified with Si-CH; on
out ersurface; (b) nitrate loaded in mesopore; (c) oxide incorporated
composites; (d) formation of LDH within the pore channels.
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Fig. 1 XRD patterns of (a) SBA-CHj, (b) SBA—oxide and (c)
SBA-LDH.

Mg-Al LDH nano-crystallites were in situ fabricated by
using the pore channels as the micro-reactors under a hydro-
thermal condition similar to the recent report.15 First,
Mg(NOs), and AI(NOs3); were introduced into SBA-15, which
had been pre-modified with Si—-CHj; groups on the outer
surface, by immersing in the mixed nitrate solution. The strong
hydrophobic property of the outer surface with Si—-CHj
groups and the strong hydrophilic property of the inner sur-
face made it possible for the nitrate to be loaded only in the
pore channels of the mesoporous material. After calcination at
600 °C for 6 h, the nitrates were converted to oxides. And then,
through hydrothermal treatment, MgAl LDH in hydroxide
form formed and was finally confined only in the pore
channels of SBA-15.

The formation of mesopore confined MgAl LDH nano-
crystallites was confirmed by XRD analysis measured imme-
diately after each step. The small angle X-ray diffraction
patterns of the samples are shown at the left side of Fig. 1.
One major peak at about 0.9°, together with two additional
peaks, can be observed, which are the characteristic reflections
of the hexagonally mesoporous-structured SBA-15. Although
their intensity decreases following each step due to the im-
mobilization of the guest materials, the still well-resolved
peaks indicate that the samples possess long-range-ordered
structure. The hexagonal structure of SBA-15 has been very
well retained after surface modification, calcination and even
the hydrothermal treatment. The right-hand section of Fig. 1
shows the wide-angle XRD patterns of the samples in different
steps. The original -CH3; modified SBA-15 only has a halo in
the 20 range of 20-25° due to the scattering of silica (line a).
When loaded with nitrates and calcined, three peaks appeared
in the higher 26 range. A peak at 20 = 42.9° can be assigned as
200 reflection of MgQO, another two peaks at 20 = 45.8° and
67° are 400 and 440 reflections from Al,Os. The nitrates have
been converted into oxides through calcination. The relative
lower and wider peaks indicate that the particle sizes of MgO
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Fig. 2 TEM images of SBA-LDH with electron beam parallel and
perpendicular to the pore channels.

and AlL,Oj in the pore channel are in the range of a few
nanometers. All these peaks totally disappeared and a layered
structure with a gallery height of 0.76 nm (20 = 11.3°) was
obtained after subsequent hydrothermal treatment, indicating
the formation of LDH in hydroxide form.? Besides, there also
exist two additional peaks at 34.8° and 60.5° which can be
attributed to reflections of 012 and intra-sheet 110 bands from
a two-dimensional hexagonal cell (¢ = 0.31 nm), respectively,
further confirming that the LDH architecture formed in the
process.l’z’“’

The nitrogen adsorption—desorption isotherms for samples
are attached in ESI.f The pore structure parameters of
samples are summarized in Table 1. Typical type-1V isotherm
curves with a well-defined step clearly indicate that these
materials possess mesoporous structure. The decreases of the
BET surface area, BJH pore volume and average pore size
together with the increased thickness of the pore walls, can be
attributed to the incorporation of guest nanoparticles in the
channel. However, it can also be seen from the Table that the
BET surface area and the BJH pore volume still maintain large
values after metal oxide loading and the formation of LDH
nano-crystallites in pore channels. This suggests that the
incorporated LDH crystallites have occupied limited pore
space and that most of the nano-pore channels of the host
silica remain open. This result is very important for the
application of catalysis.

Fig. 2 shows HRTEM images of sample SBA-LDH with
the electron beam parallel and perpendicular to the pore
channels, respectively. In agreement with the above SAXRD
results, the mesoporous channels are well ordered with a
characteristic hexagonal structure. No large LDH crystallites
on the outer surface could be found, which indicates that
almost all the LDH crystallites have been confined in the pores
of the matrix. Thus, the lateral size of synthesised LDH is less
than 9 nm. Different from some metal or metal oxide immo-
bilized mesoporous materials, the morphology and

Table 1 Pore structure parameters of (a) SBA-CHj, (b) SBA-oxide and (c) SBA-LDH

la 1

Sample Appr/m* g~ Vem/m® g~ Dgyy/nm dypo/nm Thickness of pore wall/nm
SBA-CH; 423 1.03 8.06 9.93 3.41
SBA-oxide 377 0.91 6.65 9.93 4.82
SBA-LDH 331 0.79 6.16 9.93 5.31

“ Aggr: BET surface area; Vgyy: BJH pore volume; Dgy: BJH pore diameter; d)go: plane separation.
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Fig. 3 Conversions as a function of time for the reaction of acetone
self-condensation at 273 K.

distribution of LDH nanoparticles in the channel cannot be
identified from the TEM image. This may be due to the
relative lower scattering contrast of LDH crystallites com-
pared with the silica matrix. The existence of LDH can be
further proved by energy dispersive spectroscopy analysis of
X-rays (EDAX),t which reveals a composition of about 5
wt% of LDH on average (calculated on the basis of the
content of Mg element).

The catalytic properties of the mesopore-confined LDH
nanocrystal was investigated with aldol condensation reac-
tions. Different from other synthesized supported or unsup-
ported LDH platelets,* this kind of material has a high
catalytic activity without any activation due to its original
hydroxide form LDH structure (containing large amount of
Bronsted base sites). Fig. 3 shows the results of the self-
condensation of acetone using SBA-LDH as catalystf. The
initial activity of the catalyst is given in Table 2. The catalytic
activity of SBA-LDH based on LDH-weight is extremely
high, about eight times of that of unsupported LDH platelets.
The thermodynamic equilibrium (23%) was achieved in 1.5 h
of reaction. In order to understand the real reason for such
high catalytic activity, CO, absorption measurement was
adopted to ascertain the total number of accessible active sites
of the catalysts. A remarkably larger number of active sites of
as-synthesized catalyst was found compared to unsupported
LDH nplatelets and even the carbon nanotube supported
nanosized LDH, as shown in Table 2. This high reactivity
must be ascribed to the mesopore-confined LDH crystallites
with extremely small sizes in the lateral dimension (<9 nm),
which implies a large number of active edge sites. On the other
hand, this result further proved the assumption that the actual
active sites are situated at the edge of the platelets.

SBA-LDH catalyst recycling studies were also performed
using the same reaction under the same conditions. Before
reuse, the solid was separated from the reaction medium by
filtration, reactivated by heat treatment and rehydration. The
results are shown in Fig. 3; the reaction conversion indicates
that the immobilized catalyst can be repeatedly used without
apparent decrease in its catalytic activity.

In conclusion, a new heterogeneous catalyst system
SBA-LDH has been successfully developed by an in situ

Table 2 Catalytic properties and the number of active sites as
determined with CO, adsorption

CO, adsorption/ Initial rate?/

Sample pmol g p ! mmolpaa gpon 'h™! TOF’/s™!
LDH act 153 121 0.43
HT/CNT-act ' 750 542 0.40
SBA-LDH 1210 1003 0.51

@ Condensation of acetone at 273 K. ® Turn over frequency based on
CO, adsorption.

assembly method. Mesoporous SBA-15 was used as the sup-
port to confine the growth of LDH crystallites within its well
defined and large open pore system. The combination of
nanosized LDH crystallites and open pore structure of the
mesoporous support provide excellent catalytic activities for
aldol condensation reactions.
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