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a b s t r a c t

A solution based wet chemistry approach has been developed for synthesizing Li2SiO3 using LiNO3 and

mesoporous silica as starting materials at 550 1C. A reaction path where NO and O2 are formed as side-

products is proposed. The crystals synthesized exhibit dendritic growth where the as-prepared

nanodendrite is a typical 1-fold nanodendrite composed of one several microns long and some tenth

of nanometers wide trunk with small branches, which are several hundreds of nanometers long and up

to 70 nm in diameter. The effect of the structure of the mesoporous silica for the final morphology is

discussed.

& 2011 Elsevier Inc. All rights reserved.
1. Introduction

The architectural control of nanosized materials with well-
defined morphologies is essential for successful ‘‘bottom-up’’
approaches toward future nano-devices [1]. The interest in
nanostructures with anisotropic architecture (e.g. dendrites) is
based on their capacity to have singular physico-chemical proper-
ties [2]. The formation of one- or two-dimensional nanostructures
with well defined sizes, shapes, and crystallinity [3,4] are essen-
tial in the development of nanoscale devices such as electronics,
solar cells, matrix reinforcement, photocatalysts, and batteries
[5,6] when exploiting the properties of nanomaterials [7].

Lithium metasilicate (Li2SiO3) is one member of a large family
of isostructural A2BO3 compounds. It has a polar orthorhombic
symmetry (a¼9.392 Å, b¼5.397 Å, c¼4.660 Å) in point group
mm2 [8] and is thus of interest for piezoelectric, pyroelectric,
electro-optic applications. At room temperature, the Li2SiO3

structure is in space group Cmc21 with (Si206) groups as chains
running parallel to the polar c axis and linked together by the
small lithium ions [9].

Lithium silicate are commonly used in gas barrier, sensors and
as new-dielectric barrier devices [10–12], however, there is a
general agreement that lithium metasilicate (and in general
lithium ceramics) are the best promising material for tritium
production and release through 6Li(nt, a)3H reaction [13]. These
ll rights reserved.
two properties determine the possible application of a tritium
breeder material for fusion reactors [14] as well as its good
thermal, chemical, and mechanical stability at high temperatures
in combination with its favorable irradiation behavior [15].
Furthermore, it is compatible with other blanket and structural
materials [14,16]. Lithium silicates have shown that control of the
microstructure must be exercised when preparing this ceramic, as
the microstructure may determine the rate of tritium release from
the blanket [17,18] as well as dendritic inclusion in matrix has
shown an improvement on the final mechanical properties of the
material [18].

Different techniques have been used to synthesize the lithium
silicates compounds, e.g. solid state reaction, precipitation, sol–gel
method, extrusion–spherodisation process, rotating melting proce-
dures, and combustion [19–21] resulting in non-oriented com-
pounds. However the number of reports where oriented lithium
silicates are synthesized are limited [22,23], with no reports on
oriented lithium metasilicate.

Here we report on a route to design oriented lithium metasi-
licate with a nanodendrite microstructure based on a precursor,
LiNO3, in combination with mesoporous silica as the silica source
and structure directing agent.
2. Materials and methods

Detailed descriptions of the synthesis routes of mesoporous
silica SBA-15 and SBA-16 used here are given elsewhere [24,25].
Table 1 summarize a description of the mesoporous powders
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Table 1
Properties of the mesoporus silicas used for the synthesis and the final product composition.

Sample Silica source Final product

SiO2 mesoporous type Pore arrangement Pore size (nm) Surface area (m2/g) Final product composition DLi2 SiO3
(nm)

1 SBA-15 Hexagonal 20.0 540 Li2SiO3 (97) 66

Li2Si2O5 (3)

2 SBA-15 Hexagonal 5.0 699 Li2SiO3 (82) 54

Li2SiO4 (18)

3 SBA-16 Cubic 7.8 822 Li2SiO3 (95) 115

Li2Si2O5 (5)

The numbers in the bracket show the Ix/It relation obtained by X-ray diffraction (XRD) patterns.
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Fig. 1. XRD pattern of the Li2SiO3 synthesized from SBA-15 with flake morphol-

ogy. Indexed planes are given in bracket. (Li2SiO3, JCPDS Data file: 29-0828.)
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Fig. 2. TG/DSC and gas analysis (inset) curves of the synthesis reaction measured
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used here. For the synthesis of Li2SiO3 a solution of 0.2 M of LiNO3

(purityZ98.0%, puriss. p.a., ACS reagent, Fluka) was used as
Li-precursor. Test tubes were filled with 50 mg of mesoporous
silica (SBA-15 or SBA-16) and 5 ml of 0.2 M LiNO3 solution. The
test tube was then heated at 90 1C in an oil bath overnight (step
1). Subsequently the mixture was dried in air at 110 1C and
calcinated in a muffle furnace at 600 1C for 5 h (step 2). The
powders obtained were mortared and characterized.

The crystallinity of the sample was determined by powder
x-ray diffractometry (XRD) using a Philips PW1729 X-ray dif-
fractometer and Cu Ka radiation. X-ray diffraction peak intensities
were determined by a least-squares procedure. The relative
intensity of representative XRD peaks was calculated using the
Ix/It relationship, Ix being the integrated intensity for the repre-
sentative peak of Li2SiO3 [(1 3 0)], Li2Si2O5 [(1 1 1)], Li4SiO4

[(�1 1 0)], and It being the sum of the integrated intensity for
the representative peaks of the constituent phases of the final
product.

The size and morphology of the lithium metasilicate dendrites
structure was studied using a FEI Tecnai G2 TF 20 UT 200 kV
transmission electron microscope (TEM). The sample was dis-
persed in acetone and deposited onto a hollow carbon grid,
followed by acetone evaporation at room temperature in air prior
to insertion in the microscope. Scanning electron microscopy
(SEM) was carried out with a Leo 1550 Gemini microscope
operated at a working distance of 3–4 mm and an electron
acceleration voltage of 3.0 kV for imaging. Chemical composition
was determined by energy dispersive X-ray spectroscopy (EDX)
detectors attached to the TEM and SEM microscopes.

Thermogravimetric (TG) and differential scanning calorimetric
(DSC) analysis were performed using a Netzsch STA 449C Jupiter.
Approximately 10 mg of material was kept in sintered Al2O3

crucibles and the temperature was increased from room tem-
perature to 700 and to 1150 1C at a heating rate of 20 1C/min. The
measurements were conducted under static air and under argon
flow (100 cm3/min) conditions, respectively. In situ gas analysis
was performed using a mass spectrometer (Netzsch: QMS 403 C
Aëolos) through a heated transfer capillary.
in air.
3. Results and discussion

In Fig. 1 the X-ray diffractogram of sample 1 (Table 1) is
presented where the diffraction peaks of the final product are
indexed to the lithium metasilicate orthorhombic structure. The
final product consists of lithium metasilicate of high purity with a
small amount of the side-product Li2Si2O5. The constituent
product phases and the relative intensity of representative XRD
peaks (number in bracket) for these phases are shown in Table 1.
To determine the reactions occurring during thermal proces-
sing, simultaneous TG/DSC and gas analysis were carried out for
the initial mixture, i.e. after step 1, and the results are presented
in Fig. 2. DSC reveals two endothermic reactions between 250 and
600 1C. The first endothermic peak (252 1C) is related to the
melting of LiNO3 (Tm¼253 1C) [26]. The endothermic peak asso-
ciated with a weight loss of �52% (w/w) at 574 1C is caused by
the reaction between LiNO3 and SiO2. At the same temperature
gas analysis shows the presence of NO and O2 as products of the
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Fig. 3. SEM (a) and TEM (b) micrographs of the Li2SiO3 dendrite (sample 1).

The corresponding ED pattern and higher resolution micrographs are shown in the

insets.
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SBA-15 (particles) and (3) from SBA-16 (hollow spheres). (JCPDS Data files:
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reaction (Fig. 2 inset). The presence of O and N is a result from the
dissociation of the NO and O2 in the mass spectrometer.

From data obtained from DSC/TG and gas analysis a mechan-
ism where Li2SiO3, NO and O2 are products of the reaction of
LiNO3 and SiO2 are proposed according to the following reaction:

2LiNO3þSiO2-Li2SiO3þ2NO(m)þ3/2O2(m)

Also, the theoretical weight loss associated to this reaction
(54% (w/w)) agrees with the weight change observed in the TG
analysis (52% (w/w)).

Fig. 3 displays SEM (a) and TEM (b) micrographs of the as-
prepared dendrite Li2SiO3 nanostructures. The dendritic morphol-
ogy of Li2SiO3 nanostructures with a size of several microns is
observed from Fig. 3(a). The typical 1-fold nanodendrite is
composed of one trunk, several microns in length and some tens
of nanometers in diameter, and small branches of several hun-
dreds of nanometers in length and up to 70 nm in diameter
symmetrically distributed on two sides of the trunk. The branches
are all located in the same plane. All branches on one side of the
trunk are parallel to each other and grow at an angle of �601 with
respect to the trunk.

In order to study the crystal structure of the obtained material,
Li2SiO3 dendrites were characterized by TEM and selected area
electron diffraction (SAED). A typical TEM micrograph of a single
dendrite is shown in Fig. 3(b). The single crystal nature of the
Li2SiO3 was confirmed by electron diffractometry by obtain
identical SAED patterns from both the trunk and the branches.
From SAED it is also clear that the dendritic structure grow in the
o1 0 04 direction.

In Fig. 4 the mass evolution and DSC response as a function of
temperature of sample 1, i.e. the decomposition process of the
dendritic structure, is shown. The sample loses mass in two steps.
The first mass loss, which occurs between 180 and 450 1C, is
attributed to the dehydration and dehydroxilation of the sample.
The second step (between 725 and 950 1C) is attributed to lithium
sublimation since it has been reported to occur at temperature
around 800 1C [27]. The lithium evaporates then as Li2O gas. The
endothermic reaction observed in the DSC-response at 1100 1C
corresponds to melting of Li2SiO3. This is in accord with the phase
diagrams of the Li2O–SiO2 system [28], which indicates a melting
temperature of 1033 1C and keeping in mind that the DSC-
response was recorded at a heating rate of 20 1C/min.

In order to determine the role of the mesoporous structure in
the Li2SiO3 dendrite synthesis we also investigate the use of
other mesoporous silica species as substrate. The source of silica
to sample 2 was SBA-15 (hexagonally ordered tubular pore
structure) with a pore diameter of �5.0 nm and for the sample
3, SBA-16 (spherically shaped pore cages arranged in a cubic
lattice) with a pore diameter of �7.8 nm. The pore arrangement,
pore size and surface area of each sample are shown in Table 1.

Fig. 5 shows X-ray diffractograms of samples 2 and 3. In both
samples the presence of lithium metasilicate is apparent. How-
ever, the presence of side-products is more notable compared to
sample 1. In sample 2 the side-product is Li4SiO4, while sample
3 shows the presence of Li2Si2O5. Table 1 shows the relative
intensity of representative XRD peaks for these phases.

Fig. 6 shows TEM micrographs of the morphology of the
compounds synthesized in samples 2 and 3. In these samples,
Li2SiO3 (Fig. 6(a)) particles as well as Li2Si2O5 and Li4SiO4

(Fig. 6(b)) compounds show a spherical shape opposite of the
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Fig. 6. TEM micrograph of the (a) Li2SiO3 (sample 4) and (b) Li2Si2O5 (sample 3).

The corresponding ED patterns are shown in the insets.
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dendritic growth shown in sample 1 (Fig. 3). The micrograph
shown in Fig. 6(b) correspondence to Li2Si2O5 (sample 3) and
SAED is shown in the inset. The Li2SiO3 SAED pattern can be
indexed along the [1 0 1] zone axis (Fig. 6(a)), and in the
Fig. 6(b) the SAED pattern of Li2Si2O5 was indexed along the
[1 0 0] zone axis.

In general, crystal growth behavior and resulting morphology
are governed by a range of parameters such as the degree of
supersaturation, diffusion of reacting species to the surface of the
crystals, surface and interfacial energy, and the structural aniso-
tropy of the crystals [29]. It is well established that non-equili-
brium conditions at the liquid-solid interface [30], and physical
processes such as thermal diffusion and solute diffusion [31]
provide a driving force for the dendritic growth.

The results reported in this paper should have implications for
dendritic crystal growth. The pore size of the mesoporous
structure was an important factor that affected the final product’s
morphology. Regarding the growth process, LiNO3 diffusion in the
mesoporous channels plays a key role in the formation of these
morphologies. The larger pore size in sample 1 promotes the
diffusion of Li ions providing sufficient means for the necessary
solute concentration gradient. In the case of sample 2 with
narrower pore channels the smaller pore size obstructs the
diffusion of the species in the pore. This fact gives rise different
concentration distributions such that the growth conditions for
the metal silicate will differ.

Under constant synthesis parameters, the non-equilibrium
concentration distribution of LiNO3 at the liquid–solid interface
determines the morphology of the grown nanoarrays. Therefore,
such non-equilibrium concentration at the liquid-solid interface
is affected by varying the pore size. In other words, the pore size-
related nature of the morphology presented in Figs. 3 and 6
results from the pore size-dependent diffusion rate of LiNO3. The
pore size in sample 1 is apparently large enough to avoid blocking
of the pore entrance and allow for sufficient diffusion of all
needed chemicals inside the mesoporous framework. For the
sample with smaller pores the diffusion is limited by the effec-
tively higher molecular friction coefficient caused by a higher
surface to volume ratio in the porous framework. In addition,
precipitation of solid products inside the pores will more severely
obstruct the necessary diffusion inside the silica pore.

Based on these results we propose that the reaction when
dendrites are formed in sample 1 starts inside the pores and grows
through the mesoporous particle as it consumes the silica framework,
i.e. a growth from inside and out. In the other cases with smaller pore
sizes the rate at which the reactants are supplied inside the porous
framework is not sufficient to have the dendritic growth to be
dominating. Instead the dominating reaction site is the outside
surface of the porous silica particle resulting in a growth that could
be described as growth from outside and in. The resulting morphol-
ogy is then spherical shaped particles

In relation with other approaches and methods such as solid-state
reactions, precipitation, and sol–gel a relatively high-purity (97%)
lithium metasilicate has been obtained here [32,33]. The high purity
is a result of the mechanism, in which the side products of the
reaction are gases. In comparison with other reports [33,34] where
amorphous silica was used as the silica source, the pore arrangement
present in the mesoporous structure has proven to form an adequate
environment for the non-equilibrium condition needed for the
synthesis of dendritic morphologies.
4. Conclusions

In summary, we have presented a simple template-based
method for preparing unusual 2-D lithium metasilicate (Li2SiO3)
dendritic nanostructures. It was found that the pore size of the
SiO2-based mesoporous plays an important role in the formation
of well-defined Li2SiO3 dendritic nanostructure. The high purity of
the final Li2SiO3 is explained by the reaction mechanism pro-
posed, where the side product of the Li2SiO3 synthesis are gases
(NO and O2). This templated synthesis method provides a new
route for direct growth of dendritic nanostructures.
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