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Calcium hydroxide nanostructures have been synthesised by the reaction of
calcium acetate with sodium hydroxide or tetramethylammonium hydroxide by
a sonochemical method. Reaction conditions, such as the concentration of the
Ca*" ion, ageing time and power of the ultrasonic device show important roles in
the size, morphology and growth process of the final products. The calcium oxide
nanoparticles have been obtained by heating of calcium hydroxide nanostructures
at 600°C. The calcium hydroxide and calcium oxide nanostructures were
characterised by transmission electron microscopy, scanning electron microscopy
and X-ray powder diffraction.

Keywords: Ca(OH),; CaO; nanostructure; powder diffraction; thermogravimetric
analysis; electron microscopy

1. Introduction

Inorganic materials are of fundamental interest and technological importance due to their
broad application in materials chemistry. It is well documented that the properties of
inorganic nanomaterials depend greatly on their morphologies. Thus, the design and
controlled synthesis of nanostructures with different morphological configurations and
size distribution on a large scale is very important from the viewpoint of both basic science
and technology [1-4]. CaO is a material having a wide range of applications, being of
continuous interest in the field of materials research. Pure CaO is an oxide with cubic
lattice structure [5] with anisotropic catalytic properties and is often investigated as a
component in catalytic powder materials or cements [6]. CaO can also be used as a
component of composite or doped material, while the application fields become extended
by the thin film technology due to the possibility to modify electrical and optical
(dielectric) properties. For instance, ZrO,—CaO crystals have been studied for the
application as planar waveguides [7], and calciumaluminate glasses for a variety of
applications, such as laser windows and fibre optics [§8]. Advanced sensor properties in tin
oxide films have been obtained with the aid of CaO doping [9]. CaO is also known as a
dopant able to stabilise cubic zirconia [10] or hafnia [11], and fluently modify the refractive
index of silicate glasses [12]. Due to its wide band gap (7.1¢V) [13], high diclectric constant
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(11.8) [14] and ability to form solid solutions and ternary crystalline phases CaO and their
ternary alloys can be considered as interesting dielectric gate materials, exhibiting high
mechanical and radiation resistance [15]. Although pure CaO cannot be regarded as a
stable compound in air because of its ability to form hydroxides, or at least accommodate
hydrogen as substitutional defects, [16] different methods are being considered for the
preparation of CaO films on silicon [16,17] but the classic route for CaO production
involves thermal treatment of CaCOj5 [18] and also the CaO produced after this treatment
hydrated (slaked) to produce Ca(OH), [19]. The effects of additives on the formation of
high surface area, nanocrystalline Ca(OH), have been studied too [20] and so the hydrate
can afterwards be dehydroxilated via thermal treatment, yielding a highly reactive,
nanocrystalline CaO [21]. Sonochemistry is the research area in which molecules undergo
a chemical reaction due to the application of powerful ultrasound radiation (20 KHz—
10 MHz) [22]. In recent years many kinds of nanomaterials have been prepared by this
method. The nanomaterials whose syntheses were reported are ZnS [23,24], Sb,S; [25,26],
HgSe [27], SnS,; [28], CdS [29], CdSe [29], PbE (E=S, Se, Te) [30], CuS [31], Ag,Se [32],
MnO, [33], CdCO; [34], BaCO3 [35], Co304 [36] and Mn304 [36]. In the present work we
have developed a simple sonochemical [37] method to prepare CaO nanoparticles, wherein
calcium hydroxide is synthesised as a precursor compound by the reaction of calcium
acetate and sodium hydroxide (NaOH) in an ultrasonic device and is converted to CaO by
heating at 600°C in a furnace. The Ca(OH), and CaO nanostructures have been
characterised by X-ray powder diffraction (XRD) and also the morphology and size of the
nanostructures have been observed by transmission electron microscopy (TEM) and
scanning electron microscopy (SEM). The reactions have been done in several conditions
to find out the role of different factors, such as the ageing time of the reaction, power of
ultrasound device and the concentration of the Ca?" ion on the size and morphology of the
nanostructures.

Comparing with the wet chemical routes, such as hydrothermal or solvothermal
methods this sonochemical method does not require pressure controlling and high
temperature. Comparing with template-assisted method that requires surfactant and
pH value controlling, this procedure does not need any surfactant and control of pH
values. There are several reports about the synthesis of CaO nanostructures so far.
Different methods may still be considered for the preparation of CaO films, such as
dehydration of laser-ablated Ca(OH), layers [38]. Calcium oxide films have also been
obtained by atomic layer deposition (ALD) process from calcium h-diketonate, CO, and
ozone [17].

2. Experimental

To prepare the Ca(OH), precursor different amounts of NaOH or tetramethylammonium
hydroxide (TMAH) solutions with concentrations of 0.1 M were added to the 0.1, 0.2,
0.3 M solution of calcium acetate in ethanol. Then the suspension was ultrasonically
irradiated with a high-density ultrasonic probe immersed directly into the solution under
various conditions (Table 1). A multiwave ultrasonic generator (Sonicator_3000; Misonix,
Inc., Farmingdale, NY, USA), equipped with a converter/transducer and titanium
oscillator (horn), 12.5 mm in diameter, operating at 20 kHz with a maximum power output
of 600 W, was used for the ultrasonic irradiation. The wave amplitude in each experiment
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Table 1. Experimental condition for the preparation of Ca(OH),.

NaOH Ageing  Ultrasound  Particles
Sample Ca(CH3COO0), (M) 0.1M) time power (W)  size (nm)
1 0.1 (25ml) 50 ml lh 30-60 47-95
2 0.2 (25ml) 100 ml 1h 30-60 51-87
3 0.3 (25ml) 150 ml lh 30-60 61-190
4 0.1 (25ml) 50ml 30 min 30-60 80-120
5 0.1 (25ml) S50 ml 2h 30-60 43-67
6 0.1 (25ml) 50ml lh 120-150 72-180
7 0.1 (25ml) 50 ml lh 360-390 85
8 0.1 (50ml)+2gPVA 100 ml l1h 30-60 43-75
9 0.1 (25ml) 25ml TMAH (0.2 M) lh 30-60 72-200
10 0.1 25ml)+ 1 g NaNO; 50 ml lh 30-60 130-200

was adjusted as needed. To form the CaO powders the obtained precipitates were heated at
600°C in a furnace. To investigate the role of surfactants on the size and morphology of
nanostructures, we used 2 g of polyvinyl alcohol (PVA) in the reaction with optimised
conditions. To investigate the role of alkali salts on the morphology of nanostructures,
1 gNaNOj; was added to the solution of precursors in the reaction No. 10.

The XRD measurements were performed using a X’pert diffractometer of Philips
company with monochromatised Cuk,, radiation. The crystallite sizes of selected samples
were estimated using the Scherrer method. The samples were characterised with TEM
(Philips CM200 FEG (Field Emission Gun)) and scanning electron microscope (SEM)
(Philips XL 30) with gold coating. IR spectra were recorded on a SHIMADZU-IR460
spectrometer in a KBr matrix and BET surface area of the samples was determined from
N, adsorption—desorption isotherms using a Surface Area Analyzer (BET (Brunauer
Emmett Teller), BELSORP mini-II).

3. Results and discussion

Scheme 1 shows the reaction between calcium acetate and sodium hydroxide to prepare
calcium hydroxide and calcium oxide.

Figure 1(a) shows the XRD pattern of a typical sample of Ca(OH), (sample No. 1)
prepared by the sonochemical process in ethanol and Figure 1(b) shows the XRD pattern
of the above samples after heating at 600°C. The patterns match with the standard
patterns of Ca(OH); and CaO. The crystalline phases of Ca(OH), and CaO are hexagonal
and cubic, space groups P3ml and Fm3m with the lattice parameters a=3.5899 A,
c=4916A, z=1 and a=4.81059 A, z=4 for Ca(OH), and CaO, respectively, which are
close to the reported values, (JCPDS cards number 44-1481 and 37-1497). The sharp
diffraction peaks of the sample indicated that well-crystallised CaO crystals can be easily
obtained under current synthetic conditions. No characteristic peaks of other impurities
have been detected, which indicated that the products are of high purity. The broadening
of the peaks indicated that the particles were of nanometre scale. Estimated from the
Scherrer formula, D =0.8911/Bcos#, where D is the average crystallite size, A is the X-ray
wavelength (0.15405nm), and 6 and B are the diffraction angle and full-width at half
maximum of an observed peak, respectively [39], the average crystallite size of the particles
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Scheme 1. The mechanism of CaO formation.
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Figure 1. The XRD patterns of (a) Ca(OH), and (b) CaO nanoparticles (sample No. 1).

of sample No. 1 (Ca(OH), particles) is 43.5nm and for above sample after heating at
600°C (CaO particles) is 98.6 nm.

The morphology, structure and size of the samples are investigated by an SEM. The
effect of various parameters on the size and morphology of nanostructures was
investigated.

(1) The concentration of the Ca®>" ion: Figure 2(a) indicates the original morphology
of the particles of sample No. 1 with the diameters varying between 20 and 100 nm.
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Figure 2. SEM images of Ca(OH), nanostructures (various concentrations of Ca®* ion): (a) sample
No. 1 (0.1 M), (b) sample No. 2 (0.2M) and (c) sample No. 3 (0.3 M) (the scale bar is 200 nm).

)

(©)

For investigation of the role of concentration of Ca®" ion in the morphology and
size of the particles, the concentration was increased to 0.2 and 0.3 M (sample Nos.
2 and 3). According to Figure 2(b) and (c), the particles obtained from above
reactions have larger sizes than the obtained particles of sample No. 1.

Ageing time: For understanding the effect of ageing time on the morphology and
size of the particles, the reaction was carried out in 30 min, 1 h and 2 h. Figure 3(a)
shows the SEM image of the reaction with the ageing time of 30 min (sample
No. 4). As seen from Figure 3(a), with decrease in the ageing time to 30 min, the
obtained particles were bigger than the particles of sample No. 1 (with the ageing
time 1 h), whereas with increase in the ageing time of reaction to 2 h (sample No. 5)
the nanoparticles with 52 nm in diameter were formed (Figure 3b).

Power of ultrasound device: To investigate the role of sonicator device power,
the reaction was carried out in three various powers (sample Nos. 1, 6 and 7).
Figure 4(a) shows the SEM images of the sample No. 6. As seen, with increasing
power (sample No. 6), the size of the particles was decreased, whereas the
morphology was not changed (sample No. 7 and Figure 4b). However, as seen in
Figure 4(b), the best morphology with smaller particles and good distribution was
obtained for the sample No. 7 with the concentration of Ca** ion of 0.1 M, ageing
time of 1 h and the ultrasound device power of 360 W.

Figure 5(a) shows the SEM image of the sample No. 8 and the role of PVA on the
morphology of this sample is obvious. It has been reported that the presence of a capping
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Figure 3. SEM images of Ca(OH), nanostructures (various ageing times): (a) sample No. 4 (30 min)
and (b) sample No. 5 (2h) (the scale bar is 200 nm).
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Figure 4. SEM images of Ca(OH), nanostructures (various ultrasonic device power): (a) sample
No. 6 (120-150 W) and (b) sample No. 7 (360-390 W) (the scale bar is 200 nm).

molecule (such as PVA) can alter the surface energy of crystallographic surfaces, in order
to promote the anisotropic growth of the nanocrystals [40,41]. In this work, PVA adsorbs
on the crystal nuclei and it helps the Ca(OH), nanoparticles to grow separately. The
TMAH as a weaker base was used for the reaction at optimised condition. As seen in
Figure 5(b) (sample No. 9) TMAH has no effect on the morphology of obtained
nanostructures. Alkali salts have been used in many procedures of synthesising
nanostructures to change the morphology and to convert the nanoparticles to one
dimensional structure, such as nanorods or nanowires and to design advanced materials
with anisotropic properties [42]. To investigate the role of alkali salts on the morphology
of Ca(OH), nanostructures the reactions were performed in the presence of sodium nitrate.
As shown in Figure 5(c) (sample No. 10) the nanoparticles grew separately and the
one-dimensional nanostructures with suitable lengths are obtained.

The reaction was done without sonication for investigating the role of sonication
on the morphology of product, as seen in Figure 6(a), the particles are not at nanosizes.
For further investigation, the reaction in optimised conditions was done in the presence
of PVA without sonication for investigating the effect of a stabiliser on the morphology
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Figure 5. SEM images of Ca(OH), nanostructures: (a) sample No. 8, (b) sample No. 9 and
(c) sample No. 10 (the scale bar is 500 nm).
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Figure 6. SEM images of Ca(OH),: (a) without sonication and (b) in the presence of PVA without
sonication (the scale bar is 500 nm).

of the product. Comparing the result of this reaction (Figure 6b) with Figure 5(a), PVA
has no effect on the particles growth in the absence of sonication.

SEM images of CaO particles are illustrated in Figure 7(a)—(e) for sample Nos. 1, 7, 5,
6 and 9, respectively. Comparison of the SEM images shows that the smallest and the
spherical CaO particles with good separation were obtained for sample No. 7 (Figure 7b).
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Figure 7. SEM images of CaO nanoparticles: (a) sample No. 1, (b) sample No. 7, (c) sample No. 5,
(d) sample No. 6 and (e) sample No. 9 (the scale bar is 1 um).

Figure 8 shows the XRD patterns of sample No. 7 and sample No. 9 before (Ca(OH),
nanostructures) and after calcination (CaO nanoparticles), respectively. The estimation
from the Scherrer formula shows that the average crystallite size for samples of Ca(OH), 7,
Ca(OH), 9, CaO 7 and CaO 9 are 43.97, 35.34, 77.7 and 124.69 nm, respectively. The
crystallite size of the sample No. 9 nanostructures are smaller than sample No. 7, whereas
after calcination, the crystallite size of CaO particles of sample No. 7 is smaller than
sample No. 9 and these results confirm that the solid state transformation of Ca(OH), to
CaO particles in this current condition is topotactic as described in reported papers [43,44].

TEM images and the ED pattern of Ca(OH), nanoparticles (sample No. 1) are
illustrated in Figure 9. As seen from the SEM images of sample No. 1, it was thought that
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Figure 8. The XRD patterns of sample No. 7 and sample No. 9 for Ca(OH), (marked as Ca) and
CaO nanostructures.

Figure 9. TEM images and ED pattern (inset) of Ca(OH), (sample No. 1) nanostructures.

the samples are nanorod structures but the real structure that was shown by TEM images
(Figure 9) is aggregates of nanoparticles.

To investigate the size distribution of the nanoparticles a particle size histogram was
prepared for sample No. 7 after heating at 600°C, (Figure 10). Most of the particles
possess sizes in range from 65 to 80 nm.

BET surface area measurements were performed on the three samples, sample without
sonication (as marked Ca(OH), (WU)), sample No. 7 (as marked Ca(OH),-7) and sample
No. 7 after calcination at 600°C (as marked CaO-7) and all the results are provided in
Table 2. Also the mean pore diameters were calculated. Without sonication the measured
surface area was less than the same sample (sample No. 7) in the presence of ultrasonic
irradiation, but after calcination the measured surface area decreased to 8.89 m?/g for CaO
nanoparticles that is comparable with surface area of CaO produced in some other
reported methods [45].

The sonochemical method comparing with the other methods which have been used for
preparing the CaO nanostructures [16,17] is very fast and it does not need high
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Figure 10. Particle size histogram and SEM images (inset) of CaO (sample No. 7).

Table 2. BET surface area values and mean pore diameters.

Surface area Mean pore diameter
Sample (m?/g) (nm)
Ca(OH), (WU) 17.45 2.26
Ca(OH),-7 31.45 2.293
CaO-7 8.89 2.291

Note: WU = without sonication.

temperatures during the reactions, using the surfactants is not necessary for this method
and the other advantage of using ultrasound radiation is that it yields smaller particles [46].
The effects of ultrasound radiation on chemical reactions are due to the very high
temperatures and pressures that develop during the sonochemical cavity collapse by
acoustic cavitation. There are two regions of sonochemical activity, as postulated by
Suslick et al. [47,48], the inside of the collapsing bubble, and the interface between the
bubble and the liquid, which extends to about 200 nm from the bubble surface. If the
reaction takes place inside the collapsing bubble, as is the case for transition metal
carbonyls in organic solvents, the temperature inside the cavitation bubble can be from
5100 to 2300 K depending on the vapour pressure of the solvent [47]. If water is used as the
solvent, the maximum bubble core temperature that can be attained is close to 4000 K [49].
The product obtained in this case will be amorphous as a result of the high cooling rates
(>10" K/s) reached during collapse. On the other hand, if the reaction takes place at the
interface, where the temperature has been measured to be 1900 K [47], one expects to get
nanocrystalline products. If the solute is ionic, and hence has a low vapour pressure, then
during sonication the amount of the ionic species will be very low inside the bubble and
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little product is expected to occur inside the bubbles [50]. Since in the present study the
solute is ionic, and we get nanocrystalline calcium hydroxide particles, we propose that
the formation of the hydroxide particles occurs at the interface between the bubble and the
liquid and the ultrasound accelerated the formation of Ca(OH),.

4. Conclusion

We have successfully synthesised nanocrystalline Ca(OH), and CaO through a
sonochemical reaction between different concentrations of calcium acetate with sodium
hydroxide or TMAH with different ageing times and different sonicated powers. In similar
studies, CdCO; [34], BaCO; [35], Mn;0,4 and Co3;04 nanostructures [36] were obtained
from reaction of Cd(CH;COO),, Ba(CH;COO),, Mn(CH;COO), and Co(CH;COO),
with TMAH or NaOH under ultrasonic condition. The reactions proceeded under
ultrasonic conditions resulting in spherical and uniform CaO and Ca(OH), nanocrys-
tallites as shown by TEM and SEM observations. The recrystallisation of CaO from
Ca(OH), was observed at 512°C in air. By heating Ca(OH), at 600°C the CaO
nanopowders were obtained and the XRD phase analysis showed the formation of CaO
with the cubic symmetry. To our best knowledge, this method is the first one for syntheses
of nanoparticles of Ca(OH), from Ca(CH;COO), by a sonochemical method. This
method can be easily controlled and is expected to be applicable to the fabrication of other
nanosized particles.
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