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a b s t r a c t

Forsterite (FS) nanopowders (∼27 nm) were synthesized using a sol–gel route with magnesium nitrate
hexahydrate and tetra ethyl ortho-silicate as magnesium and silicon precursors, respectively. Nitric acid
was used as a catalyst. After aging, the FS gel was calcined at 800 ◦C for 30 min. The calcined powders
were characterized for phase composition using X-ray diffractrometry and fourier transform-infrared
spectroscopy. The particle size and morphology was studied using transmission electron microscopy. The
eywords:
orsterite
anopowders
article size
ol–gel

particle size distribution analysis of FS powders showed skewed distribution plot with particle size rang-
ing from 5–90 nm. This study showed that high phase purity and narrowly distributed FS nanoparticles
could be obtained using this simple sol–gel technique.

© 2010 Elsevier B.V. All rights reserved.
alcination
hase purity

. Introduction

Nanoparticles offer a host of attractive properties which
ncludes increased strength, high hardness, high diffusion rates,
nd reduced sintering times in comparison to those associated with
oarser particles [1–3].

Forsterite (FS, Mg2SiO4) is a member of olivine family of crystals
n the magnesia–silica system [4,5]. In recent years, FS has gained
opularity due to its wide range of applications. For instance, in
lectronics it is used as an active medium for microwave and tun-
ble laser applications owing to its high melting point at 1890 ◦C,
ow dielectric permittivity, chemical stability, and excellent insu-
ation properties even at high temperatures [4–6]. For SOFC (solid
xide fuel cells) applications, FS is an important material since its
inear thermal expansion coefficient perfectly matches the other
ell components and it exhibits very high stability in fuel cell envi-
onments [7]. Besides FS exhibits good biocompatibilty [8,9] and
racture toughness (KIC = 2.4 MPa m1/2) (superior to the lower limit
eported for cortical bone [10–12]) thereby making it an excellent
iomaterial.
Despite the growing demand; the synthesis of pure nanocrys-
alline FS with controlled particle size has remained a challenge.
his is mainly because the reaction of the starting oxides to
orm silicate is generally slow due to the relatively low diffu-
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sivity which results in the formation enstatite (MgSiO3) and/or
MgO instead of FS. Hence very high processing temperature of
1200–1600 ◦C is required [13] resulting in coarse grained pow-
ders. Many alternative powder processing techniques have been
reported for the synthesis of pure FS, for example mechano-thermal
synthesis [14], mechano-chemical synthesis [15] and sol–gel tech-
niques [12,16,17]. Although the techniques adopted in the above
works [14–17] reported FS crystallite size in the range of 10–90 nm
(this was calculated using X-ray diffraction (XRD) technique), no
analysis was reported on the particle size distribution of the synthe-
sized powder. Considering the calcination temperature (typically
800–1000 ◦C) and time (2–3 h) applied in these processing meth-
ods, we believe that the particles could have been subjected to
aggregation (i.e. particle sintering) due to high surface energy. This
can broadly distribute the particle size range from nano to sub-
micronic scale. Keeping the above points in view, in the present
work FS nanopowder is synthesized using a simple sol–gel based
method. Besides the simplicity, the advantage of this technique is
that the synthesized FS powder (∼27 nm) is narrowly distributed
and controlled over a size range of 5–90 nm.

2. Material and methods
Magnesium nitrate hexahydrate (Mg (NO3)2·6H2O) (MNH) (Jun-
sei chemicals Co., Ltd., S. Korea) and Tetra ethyl ortho-silicate
(TEOS) (Acron Organics, USA) were used as starting magnesium and
silicon precursors. About 8.5 g of TEOS was dissolved in 300 ml of
1 M HNO3. To this solution 20.5 g of MNH was added and stirred for

http://www.sciencedirect.com/science/journal/09258388
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2Mg(NO ) · 6H O + (CH CH O) Si
Fig. 1. XRD analysis of FS nanopowders calcined at 800 ◦C for 30 min.

h at room temperature. The pH of the solution was measured to be
bout 4. This stirred solution was kept in dry oven and aged at 65 ◦C
or 12 h to form a highly viscous gel. This highly viscous gel was cal-
ined at 800 ◦C for 30 min in air using an electrical furnace (Daesung
lectrics, Korea) and employing a heating rate of 10 ◦C/min. Trans-
ission electron microscope (TEM) (HRTEM, Model Tecnai-Philips

30, FEI Co., Hillsboro) was used to observe the particle morphol-
gy and size of dried and calcined FS powders. Phase analysis was
erformed by X-ray diffractrometry (XRD) (D8 Advance, Bruker-
xs, Germany). The mean crystallite size (D) of the particles was
alculated from the XRD line broadening measurement from the
cherrer equation given below [18]

= 0.89�

ˇ cos �
(1)

here � is the wavelength (Cu K�), ˇ is the full width at the half-
aximum of the FS (1 1 2) line and � is the diffraction angle.
The particle size distribution of the powder was determined

sing a condensation particle counter (GRIMM Aerosol Technik,
mbh, Germany (Serial No. 5400)). The fourier transform-infrared

pectroscopy (FT-IR) was done with Nexus 6700 FT-IR (Thermo-
icolet, Inc.) equipped with an attenuated total reflectance (ATR)
ccessory (Smart Miracle, PIKE Tech.).

Fig. 3. TEM images of calcined FS nanopowders showing (a) pro
Fig. 2. PSD analysis of calcined FS nanopowders.

3. Results and discussion

Fig. 1 illustrates XRD patterns of calcined gel of forsterite pow-
der at 800 ◦C for 30 min. It should be noted that the sintering time
adopted here is much lower that the techniques reported earlier
[12,16,17]. The crystallite size (using Eq. (1)) calculated from XRD
for five powder batches were found to be 22 ± 7 nm, respectively.
The crystallite size obtained from XRD was in close proximity to
PSD analysis (Fig. 2) which showed skewed distribution ranging
from 5–90 nm with particle size centered at ∼27 nm. It was also
observed that less than 2% of the total number of particles showed
size above 100 nm. This increase in size could be attributed to the
strong aggregation phenomena associated with the high surface
area and energy properties of nanoparticles [19]. The morpholog-
ical shape and size of FS powder obtained from TEM is shown in
Fig. 3a. Prolate spheroid shaped particles were formed by this pro-
cess. Agglomeration (sticking of particles) was observed (Fig. 3b).
The average particle size of the FS powders measured from TEM
was found to be 25–50 nm which was in agreement with the XRD
and PSD analysis.

The reaction and nucleation of FS nanopowders can be given as
follows:
3 2 2 3 2 4
HNO3−→ Mg2SiO4 + 4CH3CH2OH + 8H2O + 4HNO3 (i)

late spheroid particles and (b) agglomeration of particles.
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Fig. 5. FT-IR analysis of calcined FS nanopowders.

The nucleation and growth of FS with temperature can
e described by nucleation–aggregation–agglomeration-growth
echanism theory explained earlier [20,21]. According to this
echanism, FS particle goes through following steps: (a) nucleation

o form amorphous FS nanocrystallites during gelation; (b) agglom-
ration (sticking) of these crystallites by molecular attractions [22]
ike van der Waals forces which cause surface free energy mini-

ization (c) van der Waals forces act as cementing agent inside the
gglomerates and calcination at 800 ◦C results in aggregation (fus-
ng of agglomerated particles by bonded necks) to form secondary
article. This mechanism has been schematic represented in Fig. 4.

FT-IR analysis (Fig. 5) shows peaks of Si–O bands in the SiO4
etrahedron that prove the formation of FS as it is shown in XRD
attern of this sample (Fig. 1). No secondary bands were observed
ndicating that the FS powders were of pure nature. The bands
elated to the characteristic peaks of FS appear in the range of
30–1007 cm−1 (SiO4 stretching), at 500–620 cm−1 (SiO4 bending)
nd at 420 cm−1 for modes of octahedral MgO6 were observed. The
ands were in agreement to earlier reported work [15].

[

[

[

echanism of FS particles.

4. Conclusions

In this study, the synthesis of a nanosized FS powder via sol–gel
method is reported using Mg and Si based precursors. This pro-
cess showed that high purity product of nano-FS powders could
be obtained by this simple process. Particle distribution analysis
showed a skewed distribution plot where the particle size was
centered at ∼27 nm. TEM analysis showed the nanoparticles to be
of prolate spheriodal structure. XRD analysis revealed the powder
to be pure and crystalline. FT-IR results showed SiO4 and MgO6
bands characteristic for the formation of FS. FS nanopowder syn-
thesized here is expected to have better bioactivity and sinterability
than coarser crystals. Future work is focused on the controlled sin-
tering of these nanoparticles to obtain high strength material for
structural and biomedical applications.
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