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Abstract

Well-defined Ag-magadiite nanocomposites were successfully prepared by an ion-exchange method using a silver ammine complex,
[Ag(NH;),]NO;j, as the starting material. These nanocomposites were found to have a structure in which Ag-nanoparticles consisting of a single-
crystalline particle were well dispersed in the interlayer spaces of two types of magadiite materials: Na-magadiite (Hy,Na, §Si;4029-7.8H,0) and
H-magadiite (H; 4Nag 6Si14029-3.9H,0). Such Ag-nanoparticles appear to be caused by heating [Ag(NH;),]* ions incorporated into the interlayer
spaces of the magadiite materials by ion exchange with Na* ions. Furthermore, in nanocomposites heated at 120 °C in air, Ag-nanoparticles show
a relatively uniform particle size of 3—-5nm, whereas a heterogeneous enlargement of Ag-nanoparticles occurs when the temperature exceeds

~180°C.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Nanoparticles are of interest for fundamental studies
and diversified technical applications because of their size-
dependent properties or highly active performance due to large
surface areas. However, when pure nanoparticles are used
alone, they present some common problems, e.g., agglomeration
between nanoparticles.! To overcome agglomeration, prepara-
tion of nanocomposites based on clay compounds, in which
nanoparticles are supported within the interlaminar spaces of
clay and/or on its external surfaces, is one of the most effec-
tive solutions. Thus, over the past 2 decades, much attention
has been given to such nanocomposites, especially based on
montmorillonite.>~

Magadiite was first found as a natural mineral in the deposits
of Lake Magadi, Kenya by Eugster’ in 1967. This material is
a hydrous sodium silicate with a multilayered structure, simi-
lar to many other clay compounds; its chemical composition is
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reported as NaySi4029-nH>0.5-® This magadiite is described
as Na-magadiite to distinguish it from H-magadiite that will be
referred to hereafter. Synthesis of Na-magadiite was reported by
Fletcher and Bibby.” Lagaly et al.° reported that Na-magadiite
reacts readily with dilute acids, exchanging its interlayer Na*
for H* to produce the material of H-magadiite. However, the
exact structure of magadiite remains unknown because no suit-
able single crystal for X-ray diffraction analysis has ever been
obtained.

From a practical point of view, such magadiite materials have
some significant advantages. First, the pure materials can be
readily synthesized on a large scale. Second, the materials show
a high cation exchange capacity and ready sorption of polar
organic molecules into their interlayer spaces.® These properties
make the magadiite materials useful for possible development
in various kinds of nanocomposite studies. However, until now,
only a limited number of studies have been reported on such
nanocomposite materials.®”

Recently, we successfully prepared Ag-magadiite nanocom-
posites based on two types of magadiite materials: Na-magadiite
and H-magadiite. For these nanocomposites, it was found that
Ag-nanoparticles consisting of a single-crystalline particle with
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a relatively uniform particle size of 3—5 nm are well dispersed
in the interlayer spaces of each magadiite material.

In this paper, we describe the preparation of these nanocom-
posites and their structural characterization and morphology.

2. Experimental
2.1. Material preparation

Na-magadiite was prepared by the hydrothermal reaction of a
silica gel (Wakogel Q-63, Wako Pure Chemical Industries, Ltd.,
Japan) with aqueous NaOH. The chemicals were weighed for
the molar ratio of SiO,:NaOH:H,O =1:0.23:18.5, transferred
to a Teflon-lined cylindrical reactor, sealed, and then hydrother-
mally reacted at 150 °C for 48 h. After reaction, the dispersions
were filtered, and the remaining solids were washed with dis-
tilled water. Some of the Na-magadiite was then converted to
H-magadiite by ion exchange with 0.5M aqueous HCI. Each
magadiite material was dried at 40 °C for 48 hin air and then used
for the preparation of the following nanocomposite materials.

Ag-magadiite nanocomposites were prepared by soak-
ing 1.5g of each magadiite in 50ml of aqueous 0.5M
[Ag(NH3)2]NO3, for which the suspensions were controlled
to pH 10.6 with aqueous NH3 and then kept with stirring at
30°C for 6 days. The chemical of [Ag(NH3),]NO3 was synthe-
sized from AgNO3 and aqueous NH3 according to the previously
reported method.!? After soaking, the dispersions in the suspen-
sions were filtered, thoroughly washed with distilled water, and
then dried at 40 °C for 48 h to give the nanocomposite materi-
als. The resulting materials were heated at various temperatures
ranging from 40 to 700 °C in air.

2.2. Characterizations

The specific surface areas of Na- and H-magadiites were esti-
mated using the BET equation based on nitrogen adsorption. The
Ag and Na contents were determined by inductively coupled
plasma (ICP) atomic emission spectrometry, and the water con-
tents were evaluated using thermogravimetric analyses (TGA).
To identify the crystalline phase and structure, powder X-ray
diffraction (XRD) was performed using a rotating cathode X-
ray diffractometer (JEOL JDX3500) at 35 kV and 300 mA with
a 26-9 step scanning mode and graphite-monochromatized Cu
Ka radiation. The morphology was investigated using a trans-
mission electron microscope (TEM) of JEOL JEM4000EX with
an accelerating voltage of 400kV. A microstructural observa-
tion was also conducted using a scanning transmission electron
microscope ((STEM), HITACHI S-5500) at the accelerating
voltage of 30 kV; to this end, both SEM and bright-field STEM
images were observed on the same position of the sample.

3. Results and discussion
3.1. Na- and H-magadiites

The results of the chemical analyses by ICP for Na- and
H-magadiites obtained are summarized in Table 1 together

Table 1
Results of chemical analyses of Na contents by ICP and BET surface areas for
Na- and H-magadiites

Material Na? (wt%) BET surface area® (m?/g)
Na-magadiite 3.97 11.6
H-magadiite 1.47 29.2

2 The samples were obtained at 40 °C.
b Prior to measurements, the samples were dried at 120 °C under vacuum for
2h.

with their BET surface areas. The chemical analyses revealed
that the compositional formula at 40°C can be described
as H0,2Na1_35i14029-7.8H20 and H1_4Nao.6Si14029-3.9H20,
respectively, for Na- and H-magadiite materials; here, the water
contents (the n values) were estimated from the TGA measure-
ments. On the other hand, the BET surface area of Na-magadiite
was found to be smaller than that of H-magadiite, which is dis-
cussed later in connection with the location of Ag-nanoparticles
in the magadiite matrixes.

The XRD profiles of Na- and H-magadiites are shown in
Fig. 1. For Na-magadiite, almost all the Bragg reflections can
be assigned to those reported for the material due to JCPDS 42-
1350. For H-magadiite, while the broadening of the reflection
peaks and reduced intensity of the 0 0/ reflections are observed,
the profile seems to be substantially similar to that of Na-
magadiite. This event indicates that the fundamental interlayer
structure of Na-magadiite remains in H-magadiite. The inter-
layer distances, corresponding to the 00 1 reflection, are 15.60
and 15.38 A for Na- and H-magadiites, respectively. Referring
to the water contents of each magadiite (n="7.8 and 3.9 for Na-

H-magadiite

15.38 A
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26/degree

Fig. 1. XRD profiles of Na- and H-magadiite materials.
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Fig. 2. XRD profiles of Ag-magadiite nanocomposites heated at various tem-
peratures ranging from 40 to 700 °C in air.

and H-magadiites, respectively), these interlayer distances are in
good agreement with Eypert—Blaison et al.’s report,'! in which
the interlayer distance in Na-magadiite is shown to be dependent
on the number of water molecules (the n value) and is ~15.5 A
forn>~3.5.

3.2. Ag-magadiite nanocomposites

Fig. 2 shows the XRD profiles of Ag-magadiite nanocompos-
ites heated at various temperatures ranging from 40 to 700° in air.

The reflection pattern due to the magadiite material is basically
held up to 500 °C for both nanocomposites, which indicates that
no apparent structural modifications occur in this temperature
range. Furthermore, it should be pointed out that reflections due
to metallic silver could be observed at a temperature as low as
120 °C for each nanocomposite. To understand the mechanism
for such a low temperature formation of metallic silver, investi-
gations are underway in connection with electron spin resonance
(ESR) measurements. 12,13

Fig. 3 shows the bright-field TEM images of Ag-magadiite
nanocomposites heated to 120 °C in air. For both nanocompos-
ites, it was observed that individual Ag-nanoparticles show a
relatively uniform particle size of 3—5 nm and are well dispersed
in each magadiite matrix. In addition, these Ag-nanoparticles
characteristically show a uniform lattice image with no irregu-
larity, as shown in the magnification of Fig. 3(a), indicating that
the individual Ag-nanoparticles are single crystalline.

It is worthwhile to discuss the influence of the tempera-
ture on Ag-nanoparticles dispersed in the magadiite matrixes.
Fig. 4 shows the TEM images of Ag-magadiite nanocomposites
after heat treatment at 300 °C in air. For both nanocomposites,
in which Ag-nanoparticles smaller that 10nm are observed,
Ag-nanoparticles with a larger particle size of ~50nm are
simultaneously detected. This observation suggests that Ag-
nanoparticles heterogeneously enlarge with an increase in the
temperature.

Next, let us further consider the dispersion behavior of Ag-
nanoparticles in the magadiite matrixes. Fig. 5 shows typical
SEM and STEM images of the Ag-magadiite nanocomposite
based on Na-magadiite heated at 180 °C in air; it is noteworthy
that, for the SEM and STEM images, the sample was in the same
position, and, as a matter of course, the Ag-nanoparticles appear
as white and black spherical bodies, respectively, for the SEM
and STEM images. In Fig. 5, in addition to Ag-nanoparticles
with a particle size of 3—-5 nm, Ag-nanoparticles with a slightly
larger particle size of ~10nm are also observed, which indi-
cates that the heterogeneous enlargement of Ag-nanoparticles
occurs when the temperature exceeds ~180 °C. Furthermore,
there is an area in which the number of Ag-nanoparticles in the

®)

Fig. 3. Bright-field TEM images of Ag-magadiite nanocomposites based on Na-magadiite (a) and H-magadiite (b) heated at 120 °C in air.
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Fig. 4. Bright-field TEM images of Ag-magadiite nanocomposites based on Na-magadiite (a) and H-magadiite (b) after being heated at 300 °C in air.
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Fig. 5. SEM and STEM images of Ag-magadiite nanocomposite based on Na-magadiite heated at 180 °C in air.

SEM image is considerably decreased compared with that in the
STEM image, as shown an area outlined in Fig. 5; it appears that
such an area arises from a multilayered structure of the maga-
diite material. In addition to this observation, the results of Ag
contents and BET surface areas, as reported next, suggest that
Ag-nanoparticles are mostly located in the interlayer spaces of
the magadiite materials.

Table 2 lists the Ag and Na contents of Ag-magadiite
nanocomposites at 40 °C. In Table 2, the Ag-content of the
Na-magadiite nanocomposite is slightly larger than that of the
H-magadiite nanocomposite. In contrast, referring to Table 1,
the BET surface area of Na-magadiite is smaller than that of

H-magadiite. These results can be understood by considering a
location of Ag-nanoparticles such as that discussed above. On
the other hand, the Na contents (Table 2) are found to be signif-
icantly decreased compared to those in Na- and H-magadiites

Table 2
Results of chemical analyses of Ag and Na contents by ICP for two types of the
nanocomposites obtained at 40 °C

Nanocomposite Ag (Wt%) Na (wt%)
Ag/Na-magadiite 12.03 0.57
Ag/H-magadiite 10.02 0.07
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Fig. 6. Schematics illustrating the formation of Ag-nanoparticles in the maga-
diite matrixes.

(Table 1), which suggests that the Na™ ions elute during the
soaking process, probably due to the ion exchange of Na* for
[Ag(NH3);]* and NH4™.

According to the above results, the formation of Ag-
nanoparticles in Na- and H-magadiite matrixes could be
schematically represented, as shown in Fig. 6. In an aqueous
solution, the [Ag(NH3),]* ions are incorporated into the inter-
layer spaces of the magadiite materials due to the ion-exchange
reaction with the Na* ions. Ag-nanoparticles are produced by
heating the [Ag(NH3),]" ions in air at above ~120 °C, and het-
erogeneous enlargement of the Ag-nanoparticles then occurs
when the temperature exceeds ~180 °C.

4. Conclusions

In this paper, we have described the preparation of Ag-
magadiite nanocomposites by an ion-exchange method and their
structural characterization and morphology. For the nanocom-
posites, it was found that Ag-nanoparticles with a relatively
uniform particle size of 3—5 nm are well dispersed in the inter-
layer spaces of the magadiite matrixes. These Ag-nanoparticles
are formed at a low temperature of ~120°C and comprised
of a single-crystalline particle. Such a dispersion behavior of
Ag-nanoparticles would be caused by ion exchange of the
[Ag(NH3),]* with the interlayer Na*.

Itis noteworthy that such Ag-magadiite nanocomposites have
a possible use as an efficient catalyst for NO, reduction,'* and
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its preparation method may be applicable to a wide range of
systems.
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