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Growth of magnesium aluminate nanocrystallites
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Nanocrystalline magnesium aluminate was synthesized with the coprecipitation method. Its growing

behaviors as a function of temperature were studied with synchrotron X-ray diffraction (XRD) and Raman

spectroscopy. It is found that the particle growth was greatly inhibited at temperatures below 1000 °C

due to the hydroxide precursor reactants. Above 1000 °C, magnesium aluminate nanoparticles start to

grow fast. After two hours annealing at 1200 °C, the grain size changes by multiple folds, suggesting that

oriented attachment may occur. Above 1200 °C, the grain size changes in various directions are much

smaller than the average grain size, indicating the oriented attachment mechanisms become inactive in

the growth of MgAl2O4 nanoparticles with sizes larger than 42 nm.
Introduction

Understanding the mechanisms of crystal growth is impor-
tant for materials science, chemistry, mineralogy and nano-
scale science. The knowledge of growing mechanisms is very
useful for improving synthesis methods and controlling
crystal structures, morphology and particle size. Classically,
crystal growth has been described in terms of growth of large
particles at the expense of smaller particles, driven by surface
energy reduction (Ostwald ripening). About ten years ago,
Penn and Banfield discovered another growth mechanism,
oriented attachment of crystallites.1 Both diffusion and
oriented attachment mechanisms have been intensively
investigated for the growth of nanocrystallites in recent
years.2–5 However, as far as we know, no oriented attachment
has been reported for crystal growth via calcinations. In this
study, we examine the growing behaviors of nanocrystalline
MgAl2O4 after calcinations at various temperatures for inves-
tigating the crystal growth mechanisms that possibly involve
oriented attachment.

Spinel represents one of the most important structure
groups in ceramics. Its rheological properties have a wide
range of implications from materials science to earth
sciences. We choose the archetypal end-member MgAl2O4

spinel mainly because its normal, ordered spinel structure is
stable over a wide temperature and pressure range and the
lack of pre-phase-transition disordering allows us to focus on
the thermally-induced crystallite growth. MgAl2O4 spinel has
a high melting point (2135 °C), high resistance against chemi-
cal attack, good mechanical strength, low dielectric constant,
and excellent optical properties, and therefore has wide appli-
cations. For instance, (1) MgAl2O4 is usable as an infrared
radiation lens and as an impact resistant optical window for
missile domes.6,7 (2) MgAl2O4 shows high resistance to most
acids and alkalis and has low electrical losses, and thus has a
wide range of applications in structural, chemical, optical
and electrical industries.8,9 It is used as a refractory in linings
of steel-making furnaces, transition and burning zones
of cement rotary kilns, checker work of the glass furnace
regenerators, sidewalls and bottom of the steel ladles, glass
furnaces and melting tanks, and as a dense coating for
chemical reactors. (3) MgAl2O4 spinel occurs as an accessory
mineral in basic igneous rocks, in aluminum-rich metamor-
phic rocks, and in contact-metamorphosed limestones.10–12

It is well known that the stability, behaviors and proper-
ties of nanocrystallite materials are critically dependent upon
their initial size and morphology. Various synthesis methods
of MgAl2O4 nanoparticles have been developed and improved.
These methods include sol–gel,13,14 combustion,15–17 hydro-
thermal,18,19 Pechini,20–22 coprecipitation,23–25 flame spray
pyrolysis26 and freeze-drying.27 Recently, a comparative inves-
tigation on the synthesis and sintering behavior of MgAl2O4

spinel nanoparticles has been carried out between polymeric
precursor (Pechini) and coprecipitation methods.28 The
authors evaluated the characterization of nanocrystallites
synthesized with both methods in their purity and surface
cleanliness, size distribution, state of agglomeration, and
sintering behavior. Their work provided useful guidance in
the synthesis of ultrafine nanoparticles. By tracking the grain
size changes after sintering, we hope to gain more insight on
the crystallite growing mechanisms.
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Experimental

The hydroxide precursor of MgAl2O4 was synthesized via the
coprecipitation method.28 1 : 2 molar ratio stoichiometric
amounts of magnesium nitrate [Mg(NO3)2·6H2O, 98%] and
aluminum nitrate [Al(NO3)3·9H2O, 98%] were dissolved in
distilled water under magnetic stirring, forming a homoge-
neous solution. The solution was dripped into a 1 M ammo-
nia solution. The mixed solution was stirred rapidly while
there was enough excess ammonia so that the pH fluctua-
tions throughout the process could be neglected. The mixed
solution became opaque and a white slurry formed that was
then vacuum filtered through a filter paper. The resulted
white precipitate was washed with distilled water. The
washed precipitate was dried for 24 hours in air at 100 °C.
The dried precipitate was ground in a quartz mortar. The
resulted samples were divided into seven portions. Each
portion was calcined in air at various temperatures with a
heating rate of 10 °C min−1. The detailed calcination informa-
tion of the seven portions is listed in Table 1.

X-ray diffraction measurements were made on the
postcalcined coprecipitation powders at the BL15U1 beamline
of the Shanghai Synchrotron Radiation Facility (SSRF). A
Mar-165 CCD was used to collect the diffraction patterns. The
wavelength of the monochromatic X-ray beam was 0.6199 Å.
Based on calibration using a standard material, CeO2, the
distance between the sample and the detector was 179.23 mm.
The crystal grain size was estimated according to the Scherrer
equation D = Kλ/(βcosθ), where K is a dimensionless constant
(K = 0.94), λ the wavelength of incident X-rays, and β the full
width at half maximum of the diffraction peak. 2θ is the
diffraction angle. Although the Scherrer size is biased toward
larger particles because it measures the volume rather than
surface area weighted average, the TEM versus XRD results of
Gribb and Banfield showed that the Scherrer size can be effec-
tively used to study particle size evolution, especially when the
size distribution is fairly tight and the particle size is small.29

Micro-Raman spectroscopy was measured with an inVia
Renishaw spectrometer. A solid laser with the wavelength of
532.4 nm was irradiated to the samples. The size of the laser
beam was 1–2 μm. Rayleigh scattering light was cut by a
Rayleigh filter. Raman spectra were detected by a standard
CCD array detector. The exposure time for a spectrum is
30 seconds. The wavenumbers of the Raman shifts were cali-
brated using single crystalline silicon.
Table 1 Seven batch samples were sintered at various temperatures,
e.g. the sample of batch 5 was sintered for 12 hours at 600 °C, 700 °C,
800 °C, and 900 °C, respectively, with another 2 hours at 1000 °C

600 °C 700 °C 800 °C 900 °C 1000 °C 1200 °C 1400 °C

Batch 1 12 h
Batch 2 12 h 12 h
Batch 3 12 h 12 h 12 h
Batch 4 12 h 12 h 12 h 12 h
Batch 5 12 h 12 h 12 h 12 h 2 h
Batch 6 12 h 12 h 12 h 12 h 2 h 2 h
Batch 7 12 h 12 h 12 h 12 h 2 h 2 h 2 h
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Results and discussion

The sample powders were calcined at 600, 700, 800, 900,
1000, 1200 and 1400 °C. The postcalcined coprecipitated
powders were white in color. Fig. 1 shows the X-ray diffrac-
tion patterns of the samples annealed at different tempera-
tures. The spinel phase was observed at temperatures as low
as 600 °C. All the diffraction peaks can be indexed to the
spinel crystalline structure (JCPDS card, no. 21-1152). Fig. 2
shows the Raman spectra of the samples after calcinations.
On basis of the irreducible representation of the vibration
mode symmetry with space group Fd3̄m, Γ = A1g + Eg + F1g +
3F2g + 4F1u + 2A2u + 2Eu + 2F2u, only five Raman-active vibra-
tional modes of MgAl2O4, A1g + Eg + 3F2g, are expected.30 In
this study, the spinel phase begins to appear after the sample
was heated at 600 °C, and the new Raman peaks became
more intense with increasing temperature. After the calcina-
tion at 1400 °C, five peaks at 308, 407, 671, 723 and 767 cm−1

were observed, which correspond to the five Raman modes
3F2g, Eg and A1g.

As calcination temperature increased, the XRD peaks
became sharper and more intense, indicating that the parti-
cles grew in calcinations. The sample particles grow slowly
from 6 nm to 12 nm after calcinations below 1000 °C, but
grow dramatically faster above 1000 °C (see Fig. 3). As shown
in Fig. 2, the characteristic Raman modes of the starting
materials at 554 and 1053 cm−1 are seen at calcination tem-
peratures up to 1000 °C. The presence of MgAl2O4 precursor
reactants implies that the resulted MgAl2O4 nanoparticles are
dispersed in the remaining MgAl2O4 precursor reactants, and
the particle growth is thus inhibited. Above 1000 °C, no
Raman modes of the MgAl2O4 precursor were observed,
which indicates that the reaction has completed, resulting in
direct spinel–spinel nanoparticle contact.

As shown in Fig. 3 and 4, below 1000 °C the change
of grain size after each calcination is smaller than the
Fig. 1 (a) XRD patterns of the synthesized MgAl2O4 crystalline
powders calcined at various temperatures. (b) The measured X-ray
diffraction images of the MgAl2O4 powders.
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Fig. 2 Raman spectra of the hydroxide precursors of MgAl2O4 and
postcalcined MgAl2O4 powders. Compared with the Raman modes of
the hydroxide layer modes of the hydrotalcite,33 the strong Raman
peaks around 1053 cm−1 and 554 cm−1 (marked with asterisks) can be
assigned to the modes of Eg(R) (OH) and Eg(T) (Mg/Al–OH), respectively.
Other weak modes cannot be well identified, possibly coming from the
intermediate structures after initial reaction.

Fig. 3 The average grain size of the MgAl2O4 spinel powders as a
function of calcination temperature. Two stages of crystal growth can
be seen for calcination temperatures below and above 1000 °C.

Fig. 4 The relative change of directional length of the MgAl2O4

sample with increasing calcination temperature. The relative length
change [(Dpostcalcination − Dprecalcination)/Dprecalcination] is the fractional
length change of the sample in each calcination. The directional length
is calculated (using the Scherrer equation34) from the X-ray diffraction
peaks (111), (311), (400), (511) and (440).
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pre-calcination grain size. Due to mixing of the unreacted
hydroxide precursors and the formed spinel nanoparticles,
the probability of the direct oriented attachment of the
nanoparticles is low. After the calcinations at 1200 °C, the
grain size changes by multiple folds. This may result from
the grain growth via oriented attachment upon consumption
This journal is © The Royal Society of Chemistry 2014
of the entire precursor matrix. Several studies31,32 have
demonstrated that nanocrystals can grow by the alignment
and coalescence of neighboring particles. The grain bound-
aries are eliminated in that process. As shown in Fig. 4, the
directional length change along [400] is about 118% and
about 220% along [511], which suggests that the particle
growth via oriented attachment is not isotropic. Interestingly,
after calcinations at 1400 °C, the relative changes of grain
size drop to below 100%. This indicates that oriented attach-
ment is less likely to occur in the calcinations at 1400 °C.
The possible reason is that the particles are too large to
rotate for the direct oriented attachment.

As shown in Fig. 3, the average grain size stays almost
the same after calcinations below 800 °C, suggesting the
nanoparticles are fully dispersed in the precursor matrix. The
nanocrystals grow somewhat after calcinations at 900 and
1000 °C. Partial aggregation may occur in the calcinations,
however, the small grain size change suggests that the grains
grow possibly via diffusion mechanisms, in which the larger
particles grow at the expense of small particles, rather than
oriented attachment, where nanoparticles with common
crystallographic orientations directly combine together to
form larger ones. This observation could be useful in mate-
rials synthesis. By introducing intergrain impurities, grain
size can be well controlled in nanomaterials synthesis with
coprecipitation methods. Fig. 5 shows the relative intensity
change of diffraction peaks in the thermally-induced grain
growth. The intensity of some peaks increases faster than
that of others. We interpret the latter large grain change as a
consequence of the nanoparticle elongation due to oriented
attachment along a specific direction.

Based on the analysis above, the grain growth of MgAl2O4

involves two mechanisms, diffusion and oriented attachment.
In the low temperature calcinations (600–1000 °C), the
CrystEngComm, 2014, 16, 1579–1583 | 1581



Fig. 5 Relative change of the integrated intensity of different
diffraction peaks as a function of calcination temperature.

CrystEngCommPaper
hydroxide precursor of MgAl2O4 and ultrafine nanoparticles
(6–12 nm) co-exist. The nucleation center is the hydroxide
precursor of MgAl2O4. Because the activation energy for the
MgAl2O4 nanoparticle growth during the diffusion ripening is
higher than that for the phase transformation of hydroxide
precursor to nanoparticle, the transformation of hydroxide
precursor to nanoparticle is dominant, and the ripening of
formed nanoparticles is not onset. After the higher tempera-
ture calcinations (1200 °C), the hydroxide precursor MgAl2O4

has been transformed completely. The resulted MgAl2O4

nanoparticles can aggregate and then the oriented attach-
ment growing mechanism becomes operative. However, calci-
nation at higher temperature (~1400 °C) results in large
grains that may disfavor oriented attachment.

Conclusion

The growth of ultrafine MgAl2O4 nanocrystals calcined at
600–1400 °C has been examined with Raman and X-ray
diffraction techniques. Two growth stages were observed.
After calcinations at temperatures below 1000 °C, the
coprecipitated hydroxide precursor greatly inhibited the
crystallite growth. It is believed that in the post-nucleation
stage, crystal growth is realized through diffusion. In the
further calcinations above a certain temperature, the hydroxide
precursors were used up, and oriented attachment becomes
operative till the resulted large crystals cannot rotate enough to
facilitate oriented attachment. Grain growth via oriented
attachment remains under-investigated for the processes of
solid solution reaction. For further exploration on this topic,
next we would examine the crystal growth in smaller steps
of calcination temperature and time. TEM measurements are
also planned.
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