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A series of silica@layered double hydroxides (SiO.@Mg2Al-COs-AMO-LDHs) have been synthesised by in-situ precipitation

of Mg,Al-COs-LDH at room temperature in the presence of amorphous spherical silica particles (~500 nm). We have
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systematically investigated a number of synthetic parameters in order to evaluate their effects on the composition,
morphological and physical properties of the isolated materials. Syntheses carried out at moderate stirring speeds (e.g.

500 rpm) were found to promote the formation of vertically aligned LDH platelets with respect to the silica surface.

Addition rates of the metal solutions, slower than 0.43 mmol h, were found to create a thicker LDH shell consisting of

vertically aligned LDH platelets. When the metal solutions were added rapidly (0.86 mmol h'!), we observed that for both

slow and fast stirring speeds the synthesised core-shell materials had thin LDH shells and the majority of the LDH

precipitated independent of the silica, forming unbound “free” LDH.

Introduction

Inorganic nanoparticles have attracted increasing attention in
recent years from a variety of scientific fields including drug
Layered double
hydroxide-based compounds are one such class of materials

delivery,13 electronics*® and catalysis.”11

which are being extensively explored for applications in these
areas. Layered double hydroxides (LDHs) constitute a class of
inorganic compounds with a general formula
[M1-xM, (OH),)¥*[Ay/n"1"'aH,0, where M and M’ are typically
metal di- and trications, respectively, 0 < x < 1, and A an
interlayer anion with charge n.12 In LDHs, partial substitution of
divalent cations in the layers by trivalent cations results in a
net positive charge on the layers so anions occupy the
interlayer region in order to maintain charge neutrality.!3 The
hydroxide, and
carbonate) to large surfactants and proteins.'*17 Owing to

anions range from simple (e.g. chloride,
their flexibility in composition and echangeable interlayer
anions, LDHs have found application in drug delivery,118-20
waste water treatment,21-24 Michael addition,1.25 oxidation,2¢
28 and transesterification.2%-31

An important characteristic of LDHs is the dispersion of metal
cations in the layers. As such, LDH-derived catalyst precursors,
with a few well-documented exceptions,3233 contain a
homogeneous distribution of metal cations that can be
subsequently calcined and reduced to obtain stable and highly
dispersed metal nanoparticles on the surface of an amorphous
support.3435 The uniform dispersion of metal cations or anions
within the layers also makes LDHs good candidates for
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supercapacitor electrode materials.*636-38

Thermal treatment of LDHs yields mixed metal oxides (MMOs),
also referred to as layered double oxides (LDOs), which have a
unique “memory effect” feature.3® The composition of an LDO
depends on the calcination temperature and consequently an
LDO may contain amorphous as well as crystalline phases.#041
It is found that LDHs calcined below a certain temperature can
be reconstructed into their original layered structure by
rehydration,3® adsorption of anions,*2 or simply exposure to
air.13 The “memory effect” is a valuable feature of LDHs as it
can be used to intercalate functional inorganic and organic
anions into LDHs galleries, and so can enable syntheses of
materials that are otherwise difficult to prepare by any other
method.*3

Recently, O’Hare and co-workers developed a post-synthesis
method to obtain LDHs with high BET areas, large pore volume
and good dispersibility in non-polar solvents.#44> The aqueous
miscible organic solvent treatment (AMOST) involves the
dispersion of a wet LDH cake in an organic medium such as
acetone or ethanol. The so-called AMO-LDHs have a general
formula [M1_xM, (OH):]"*[A,/n""]-aH20°b(AMO-solvent).*> AMO-
solvent molecules replace water molecules on the surface
weakening the strong hydrogen bonding interactions that bind
the anions and layers in a rigid stacked structure.?> The loss of
surface bound water molecules also changes the LDH from
hydrophilic to organophilic so AMO-LDHs are highly dispersible
in non-polar hydrocarbon solvents.46

The growth of LDH platelets vertically on a nano-support is
another strategy to avoid ab-face aggregation. A variety of
core materials have been explored to date including SiO;,47:48
TiO,,%° Fe304,%°952 and carbon.3653.54 Direct deposition, sol-gel,
and co-precipitation are three commonly employed methods
of core@LDH synthesis.>®> Direct deposition involves the
combination of LDH nanoparticles and the core material after
their separate syntheses. Li et al. used this self-assembly
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method to create magnetic supraparticles@LDH
nanocomposites for biomedical applications and found that
the post-ageing temperature has a significant effect on the
structure  and  physicochemical properties of the
nanocomposites.5¢ In the sol-gel method, the core material is
immersed in an AIOOH primer solution, agitated for hours,
separated, washed and dried. This cycle is repeated several
times.37.57 The AIOOH coating acts as a source of aluminium
which allows for crystallisation of an LDH shell to take place on
the surface. Shao et al. reported the use of a sol-gel technique
in the synthesis of Fe30.@SiO.@NiAl-LDH microspheres which
were used to selectivity adsorb a His-tagged protein from an
E.coli lysate.>®

Co-precipitation is an easier method for preparing core@LDHs
hybrids, which typically involves the adsorption of metal
cations onto the surface of the core followed by crystal growth
on the core by the addition of a precipitating agent such as a
base.!® Growth of the LDH shell is facilitated by ageing and/or
hydrothermal treatment.5! Ultrasound treatment has also
been applied to assist the dispersion of metal cations on the
surface of the core material, allowing for homogeneous
growth of the LDH.22 To date, the effect of pH and
temperature on the morphology of SiO,@LDH synthesised by
in-situ co-precipitation has been reported by Chen et al.*¢ They
found that high pH and temperatures caused dissolution of the
silica core, leading to yolk- and hollow-shell nanocomposites
(Fig. 1).

Journal Name

speeds (between 0 — 1000 rpm) at fixed solution volume and
reactor size. We defined 500 rom as a moderate stirring speed
and thus stirring speeds less than 500 rpm are defined as slow,
whilst those above 500 rpm are fast. AMO treatment was
performed on the SiO,@LDH wet-cake using ethanol. The
analytical data suggests the chemical composition of these
materials is in the range
Si0@[[Mgo.67Al0.33(OH)2(CO3)o.17]-a(H20)-b(EtOH)]o.59-0.66,

where 0.21 < g = 0.30and 0.12 < b = 0.18 (Table S1).

Variation of stirring speed

Fig. 2 and S1 compare the FTIR spectra of SiO,@Mg,Al-COs-
AMO-LDHs synthesised using a range of stirring speeds at two
addition The absorption band at
ca. 1100 cm™ is due to the Si-O stretching mode of the silica
core and the remaining features are characteristic of the LDH
phase: the broad band between 3000 — 3500 cm™1is due to the
stretching vibration of metal-bound hydroxyl groups (M-0O-H);
the vz anti-symmetric stretching mode of interlayer carbonate
anions give rise to the band at ca. 1360 cm™1; and the bending
mode of water occurs at ca. 1650 cm™1.

different metal rates.

Fig. 1 TEM images of (a) hollow-shell and (b) yolk-shell SiO,@Mg,Al-LDH obtained from
Chen et al..*®

Herein, we present how the in-situ co-precipitation conditions
may influence the growth, structure and composition of the
LDH shell on the silica substrate.

Results and discussion

Core-shell SiO,@ Mg,AI-CO3-AMO-LDHs (Mg2Al-CO3 =
[Mgo.67Al0.33(OH)2][COs3l0.17) were  prepared by in-situ
precipitation of Mg,Al-CO3-LDH at room temperature in the
presence of amorphous spherical silica particles (~500 nm).
The in-situ precipitation was initiated by addition of a solution
of Mg(NO3)2.6H,0 and Al(NOs)3.9H,0 (Mg/Al molar ratio 2:1)
to an aqueous suspension of the silica particles and Na,COs3
while maintaining the mixture at pH 10. The rate of addition of
the mixed metal solution was varied between 0.11 -
0.86 mmol h-! and the suspension was stirred at various
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Fig. 2 FTIR spectra of SiO,@Mg,Al-CO3-AMO-LDHs synthesised at stirring speed 0 —
1000 rpm at a metal addition rate of 0.11 mmol h=%.

Powder X-ray diffractograms have been recorded for
SiO,@Mg,Al-CO3-AMO-LDHs synthesised with different stirring
speeds (Fig. 3) and at two different metal addition rates (Fig.
S2). All samples show a series of characteristic Bragg
reflections that may be indexed to the unit cell (a = b =
3.039 A; ¢ = 22.83 A) corresponding to Mg,AI-COs-LDH. These
Bragg reflections are superimposed upon a broad feature
between ca. 20 = 15 — 30° due to the amorphous silica core
scattering. We observe a small change in the relative peak
intensities of these two phases between different synthetic
procedures. The sample prepared at 500 rpm shows a greater
proportion of LDH scattering relative to the silica background.
However, XRD cannot determine if this entire LDH X-ray
scattering is due to silica-bound LDH.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 3 Powder XRD diffractograms of SiO,@Mg,Al-CO3-AMO-LDHs synthesised with

stirring rates of 0 — 1000 rpm at a metal addition rate of 0.11 mmol h-1. *Reflections

Intensity (a.u.)

250 rpm

due to the sample holder.

A qualitative assessment of the amount of free LDH can be
made from electron microscopy images, SEM and SEM-EDS,
(Figs. S3 — S6). The presence of free LDH is greatest in the
samples synthesised with stirring speeds 0 (i.e. no stirring) and
high speeds (750 and 1000 rpm). For the reaction without
stirring, the silica particles sunk to the bottom of the vessel
and, therefore, had limited contact with the incoming metal
solution, leading to non-uniform LDH growth on the silica
particles and precipitation of LDH in a silica-depleted solution.
The growth of LDH was also diffusion limited under these
conditions. For 750 and 1000 rpm (i.e. the highest stirring
speeds) we believe the free LDH is due to strong shearing
forces exerted on the particles suspended in solution which
consequently leads to LDH nucleating in solution rather than
on the silica particle surface. In comparison, at lower stirring
speeds, the metal cations have a greater probability of being in
the vicinity of a silica particle. The TEM images also show that
larger LDH particles (LDH shell thicknesses) are formed under
low stirring speeds (e.g. 500 rpm), (Fig. S6). This is because the
shear forces at these speeds are weaker and therefore less
likely to pull existing particles apart, thus allowing the LDH
platelets to grow larger under Ostwald ripening. These
observations are supported by the crystallite sizes calculated
using the Scherrer equation and (110) diffraction peaks (Table
S2).

The relative orientation of the LDH platelets with respect to
the silica surface is mixed but there is a tendency for vertically
oriented platelets at lower stirring speeds (Fig. S6c¢) and
horizontal platelets at higher stirring speeds (Fig. S6d and Sé6e).
This can be explained in terms of the abundance of LDH nuclei
on the surface of the silica cores. When the LDH nuclei are
densely packed on the silica surface, competition for space
means that the dominant direction of platelet growth is
perpendicular to the surface (i.e. vertical).

N, BET areas of SiO,@Mg,AlI-CO3-AMO-LDHs were measured
and show a peak for the sample synthesised using a stirring
speed of 500 rpm (Fig. S7a and Table S3). This is in agreement
with the TEM images shown in Fig. S6, which reveal that this is

This journal is © The Royal Society of Chemistry 20xx

the optimum stirring speed for achieving large, vertically-
oriented platelets that create an open honeycomb-like LDH
shell. As stirring speed increases, fewer inter-platelet voids are
created because the abundance of LDH nuclei on the silica
surface is low and vertical growth is less favourable. The pore
size distribution (computed using the BJH desorption method,
Fig. S7c) shows that these voids are in the mesoporous size
range, with the lower stirring speeds generally having a greater
number of larger pores.

Solid state 27Al NMR has been recorded for the SiO,@Mg,Al-
CO3-AMO-LDHs (Fig 4). In pure LDH phases,
occupies only octahedral (Op) sites within the metal hydroxide

aluminium

layers, while in these hybrid materials a small population of
tetrahedrally coordinated Al3* (T4) was observed; we have
assigned these to AI3* sites bridging to the silica surface
forming Si-O-Al bonds.*® The ratio of AIR* in T4 and Op
environments may be obtained from the integration of the
solid state 2’Al NMR spectra and provides a more quantitative
analysis of the degree of LDH coverage on the silica surface.
The integrated intensity of the T4 : On 27Al resonances changes
from 1:8 to 1:11 between sample prepared at 500 rpm
compared to 750 rpm (Table S4). A greater proportion of Ty
environments in the sample prepared at a stirring speed of
500 rpm suggests a higher level of LDH coverage on the silica
surface.

—— 500 rpm Oy

750 rpm

Intensity (a.u.)

70 60 50 40 30 20 10 0 -10 20 -30 -40 -50 -60 -70
Chemical shift (ppm)

Fig. 4 Solid state 27Al DPMAS NMR spectra of Si0,@Mg,Al-COs-AMO-LDHs synthesised
with a stirring speeds of 500 and 750 rpm at a fixed metal addition rate of
0.43 mmol h2,

Variation of metal addition rate

Different batches of SiO,@Mg,Al-CO3-AMO-LDHs have been
prepared at a fixed stirring speed but at different metal salt
addition rate. Figs. 5 and S8 compare the powder X-ray
diffractograms of SiO,@Mg;AIl-CO3-AMO-LDHs samples
prepared using stirring of 500and 1000 rpm,
respectively. All samples show the characteristic diffractions
for Mg,Al-CO3-AMO-LDH superimposed upon broad silica
scattering feature. However, we also observe a change in the
peak widths of diffractions associated with the LDH, suggesting

speeds

J. Name., 2013, 00, 1-3 | 3



Please do not adjust margins

ARTICLE

that the LDH crystallite size of the silica-grafted LDH plates is
influenced by the metal salt addition rate.

The LDH crystallite size for each sample was determined by
application of the Scherrer equation. Fig. S9 summarises the
crystallite sizes as a function of (i) stirring speed and (ii) metal
addition rate. Both parameters do have a significant effect on
the crystallite size.

The line widths of the Bragg diffraction peaks assigned to the
LDH phase were broadest for samples synthesised with the
highest metal addition rates (0.43 and 0.86 mmol h~1). TheFTIR
spectra (Fig. S10) of these two samples also show the weakest
carbonate absorption intensity (vs antisymmetric stretch at ca.
1360 cm™1) suggesting that these batches have the lowest
degree of LDH incorporation (i.e. the thinnest LDH shells).

006
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\ ' ﬂ
I I
/' |
3 kx ' |
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= o S
-
£z
w
8
= 0.22 mmol h™
=
0.11 mmol h!
T T T T T T T 1
0 10 20 30 40 50 60 70 80

20(%)
Fig. 5 Powder XRD diffractograms of SiO,@Mg,Al-CO3-AMO-LDHs synthesised a three

different additions rates at a fixed stirring speed of 500 rpm. *Reflections due to the
sample holder.

The TEM images support the XRD and FTIR results, showing
smaller crystallites and thinner LDH shells for the SiO,@Mg,Al-
CO3-AMO-LDHs synthesised at the highest metal addition rates
(Figs. 6 and S11). In addition, these samples also have poorer
coverage and greater amounts of free LDH. These results can
be rationalised by taking into account the ageing process: with
slower metal addition rates the LDH platelets have more time
to grow — the addition time being greater for the same volume
of solution — so they undergo a longer period of Ostwald
ripening. Thus, the LDH crystallites are larger and the overall
shell thickness on the silica cores thicker. In comparison, at
high metal addition rates, nucleation sites form rapidly as a
result of the high metal ion concentration. The LDH platelets
also appear to be predominantly vertical with respect to the
silica surface. This is due to the conditions of higher saturation
generating a large number of nuclei that become compactly
packed on the surface so the (110) plane is more accessible to
incoming cations than the (003).

Table S5 summarises the BET areas of SiO,@Mg,Al-CO3-AMO-
LDHs synthesised with different metal addition rates. It can be
seen that, for a given stirring speed, the BET area is
approximately constant and that the stirring speed has a
greater impact on the BET area.

4| J. Name., 2012, 00, 1-3
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Fig. 6 TEM images of SiO,@Mg,Al-CO5-AMO-LDHs synthesised with metal addition
rates of a) 0.22, b) 0.43, and c) 0.86 mmol h! at a fixed stirring speed of 750 rpm.

Thermal stability of SiO,@Mg,Al-CO3-AMO-LDHs

It is known that calcined LDHs, layered double oxides (LDOs),
are useful intermediates for functionalised LDHs and that their
tuneable acid/base properties can be utilised in catalytic
applications. Herein, we are interested in studying the thermal
stability of SiO,@Mg,Al-CO3-AMO-LDHs using TGA, FTIR, XRD
and TEM. The TGA curves of SiO,@Mg,Al-CO3-AMO-LDH
synthesised using different conditions are shown in Fig 7. All
the samples show a similar thermal behaviour of endothermic
events corresponding to (i) loss of ethanol (AMO-solvent), (ii)
loss of interlayer water, (iii) and (iv) dehydroxylation and
decarboxylation of the LDH layers.
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TGA ——0.11-500
\ ——0.86-500
951 0.86-1000 | 0.10
Loos ©
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Fig. 7 TGA and dTGA curves for SiO,@Mg,Al-CO3-AMO-LDH. Sample names: e.g. “0.11-
500” refers to a SiO,@Mg,Al-CO3-AMO-LDH synthesised with a metal addition rate of
0.11 mmol h™ and stirring speed of 500 rpm.

The FTIR spectra of SiO,@Mg;Al-CO3-AMO-LDH calcined up to
700 °C show significant differences to that of the parent
SiO,@LDH (Fig. S12). The disappearance of the broad feature
between ca. 3000 — 3500 cm™ is due to dehydration and
dehydroxylation. Interlayer water and carbonate are also
eliminated so the bands at ca. 1600 and 1360 cm™ are absent.
Sharp absorptions below 1000 cm™! are due to the formation
of M-O-M (M = Mg?*, Al3*) bridges between adjacent layers
following the collapse of the layered structure upon the loss of
interlayer species.

The XRD data indicate the presence of a periclase MgO phase
in the samples calcined above 350°C (Fig. 9). The broadness of
the Bragg reflections assigned to the MgO indicates a small

This journal is © The Royal Society of Chemistry 20xx
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crystallite size. Furthermore, the lattice parameter of the MgO
phase (@ = b = ¢ = 4.18 A) is smaller than that of pure MgO
(4.21A),5° indicating some incorporation of AI3* in the
structure. It is interesting to observe the Bragg reflection at
20=35.1°
MgsAl,(SiO4)3 in the sample after thermal treatment. We
believe this is formed by the reaction of silica with MgO and
AlOx during decomposition of the LDH. The MgO Bragg
reflections, and those corresponding to MgsAl,(SiO4)s3, sharpen

that may be ascribed to the presence of

with increasing calcination temperature, indicating an increase
in crystallinity.

amorphous silica *
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Fig. 9 Powder XRD diffractograms of SiO,@Mg,Al-CO3-AMO-LDH synthesised with
metal addition rate 0.11 mmol h-* and 500 rpm, and its calcined products. *Reflections
due to the sample holder. Diffraction peaks due to MgO are labelled with a square (m)
and those due to Mg3Al,(SiO,); with a circle (e).

The TEM images reveal no apparent changes in the silica core
upon thermal treatment but the platelets become increasingly
“spotty” which suggests that the structure of the LDO is more
porous than the parent LDH (Fig. S13). This is the result of the
transformation of the hydroxide to oxide: dehydroxylation and
decarboxylation occurs between ca. 200 — 700 °C and the
layered structure collapses upon cation migration to form a
mixed metal oxide.

Experimental

General synthesis procedure for core-shell SiO,@Mg,Al-CO3-AMO-
LDHs

Core-shell  SiO,@Mg,Al-COs-AMO-LDHs  were  prepared
following a modified literature method.*8 Silica (SiO,, diameter
~500 nm, 100 mg) was dispersed in deionised water (20 mL)
using ultra-sonication for 25 minutes. Sodium carbonate
(Na;COs3, 0.96 mmol) was then added to the solution and a
further 5 minutes of sonication was carried out to form
solution A. The pH of solution A was adjusted to pH 10 using a
10 wt% nitric acid solution. Separately, magnesium nitrate
hexahydrate (Mg(NOs),.6H,0, 0.96 mmol) and aluminium
nitrate nonahydrate (AI(NOs)3.9H,0, 0.48 mmol) were
dissolved in D.I. H,0 (20 mL) to form solution B. Solution B was
added to solution A at room temperature at various rates (15,

This journal is © The Royal Society of Chemistry 20xx

30, 60, or 120 mL h1 equivalent to 0.11, 0.22, 0.43 and
0.86 mmol h1, respectively) and the suspension was stirred at
various speeds (0, 250, 500, 750, or 1000 rpm). The pH of the
reaction solution was maintained at pH 10 by addition of 1 M
NaOH. After the addition of solution B to solution A was
completed, the suspension was aged at room temperature
with stirring for 1 h. The solid was collected by centrifugation
(6000 rpm, 5 minutes) and re-dispersed in D.l. H,0 (40 mL) for
10 minutes. The solid was isolated by centrifugation and
washed with D.l. H,O until the supernatant pH decreased to
pH 7. The wet solid was then washed with ethanol (40 mL) and
re-dispersed in ethanol (40 mL) for 1 h. The solid was collected
by centrifugation and dried under vacuum overnight.

Conclusions

A series of SiO,@Mg,Al-CO3-AMO-LDHs have been synthesised
and fully characterised. Batch syntheses using slow stirring
speeds were found to promote the formation of vertically
aligned LDH platelets with respect to the silica surface. Slow
metal addition rates during in-situ co-precipitation led to
thicker LDH shells of vertically aligned platelets. The samples
exhibited N, BET areas up to ca. 100 m2 g1, the highest BET
area was observed for samples obtained at a moderate stirring
speed (500 rpm).

The experiments indicate that preparing high quality
core@LDH needs detailed attention to the synthesis
conditions. We found that for core-shell SiO,@Mg,Al-CO3-
AMO-LDH materials the use of moderate stirring speeds and
slow metal addition rates produced samples with an optimal
honeycomb-like morphology and the highest BET area.

The fine crystallisation of LDH particles by their growth onto a
support is recognised as a general method to improve catalytic
properties by avoiding ab-face aggregation, excess growth of
the active species and balance the final basicity and acidity.
Studies regarding the catalytic activity of these materials are
ongoing and will soon be reported.
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