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Abstract: An ultrafine zinc oxide powder of 0.15um in particle size has been
synthesised via a microemulsion processing route, which involves preparing an
inverse water-in-oil system consisting of 18.0wt% 0.5M Zn(NOs3), solution as
the aqueous phase, 57.4wt% petroleum spirit (boiling point: 100-120°C) as the
oil phase, and 24.6 wt% poly(oxyethylene)s nonyl phenol ether (NP5) as the non-
ionic surfactant. Electrical conductivity measurement indicated that the optical
transparent system exhibited a bicontinuous nanostructure. Nanosized precursor
particles of zinc hydroxide were formed when an appropriate amount of 1.0 M
ammonia solution was added dropwise into the bicontinuous microemulsion
system. Subsequent calcination of the hydroxide precursor at 470°C for 3h
resulted in the formation of an ultrafine zinc oxide powder, which has been
characterised using particle size analyser, BET specific surface area analyser,
X-ray diffraction (XRD), and scanning electron microscope (SEM). © 1998
Elsevier Science Limited and Techna S.r.1.

1 INTRODUCTION

Zinc oxide and zinc oxide-based ceramic materials
exhibit many unique optical and electrical/electro-
nic properties and therefore they are being used in
many demanding technological applications.!-?> For
example, zinc oxide containing a small amount of
dopants such as BaO, Bi,O;, Sb,O3;, CoO, and
MnO, has been used as a low voltage varistor in
many electronic devices, due to its excellent non-
linear current-voltage characteristics.>* Zinc oxide
has also often been used as a model material in
studying the densification, grain growth and
microstructural development of ceramic materi-
als.>% As a low voltage varistor, its electrical and
electronic properties are largely dependent on the
microstructural features such as the sintering den-
sity, grain size, grain size distribution and the type
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and amount of dopants present in the sintered
ceramic. Preparing a fine and sinterable ceramic
powder of narrow particle size distribution and
minimised degree of particle agglomeration is the
first and perhaps the most important step in fabri-
cating a sintered ceramic material of the desirable
microstructure and therefore performance.”” A
variety of chemistry-based processing techniques
have been used to prepare fine zinc oxide pow-
ders, %15 including precipitation, sol-gel, pyrolysis,
hydrolysis, microwave synthesis, hydrothermal
synthesis and microemulsion. The success of these
processing techniques varies considerably from one
to another. The aim of present work is to investi-
gate the feasibility of producing an ultrafine zinc
oxide powder via an inverse microemulsion pro-
cessing route, which has been successfully used to
prepare several other ceramic powder systems.!'¢1°

A water-in-oil system containing a surfactant
may exhibit one of the two thermodynamically
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stable structures:?%?! (i) inverse microemulsion;

and (ii) bicontinuous microemulsion. An inverse
microemulsion is an isotropic dispersion of the
aqueous droplets in the continuous oil phase. The
size of the aqueous droplets is in the range of 5 to
20nm in diameter, which is less than 1/4 wave-
length of visible light. In contrast, the aqueous
phase forms a continuous three-dimensional aqu-
eous channel in the bicontinuous microemulsion.
In both structures, the nanosized aqueous phase
undergoes constant deformation, breakdown and
coalescence. They both are optical transparent, due
to the lack of substantial light scattering. Chemical
reactions, such as precipitation and co-precipita-
tion, may take place when droplets or nanosized
channels containing the desirable reactants collide
with each other in the inverse system. For example,
the following reaction is expected to occur when a
nanosized aqueous droplet or channel containing
Zn(NO;), collides with the one containing an
ammonia solution, forming zinc hydroxide:

Zn(NO3), + 2NH4OH — Zn(OH), + 2NH,NO; (1)

A nanosized zinc hydroxide precursor will there-
fore be formed in the nanosized aqueous droplets
or channels. The precursor may then be calcined at
an appropriate temperature in order to prepare an
ultrafine zinc oxide powder.

2 EXPERIMENTAL PROCEDURES

The starting materials for the present work inclu-
ded an analytical grade Zn(NOs), (BDH Ltd, UK),
petroleum spirit (boiling point: 100-120°C, Fisons
Scientific, UK), poly(oxyethylene)s nonyl phenol
ether (NP5, Albright and Wilson Asia Pte Ltd,
Singapore), and a 1.0 M ammonia solution (JT
Baker, USA), all of which are of high purity. In
establishing a phase diagram at room temperature
for the ternary system consisting of 0.5M
Zn(NOs), aqueous solution, petroleum spirit and
poly(oxyethylene)s nonyl phenol ether (NP5), the
demarcation between the microemulsion region
and the non-microemulsion region was worked out
by systematically titrating the aqueous phase into a
given oil-surfactant mixture, while clear—turbid
transition was recorded. Thorough mixing of the
three constituents was achieved using a Vortex
mixer. A series of such demarcation points were
determined by varying the oil-surfactant ratio. Since
both the inverse and bicontinuous microemulsions
appear optical transparent, it is impossible to differ-
entiate the two on the basis of clear-turbid observa-
tion. As will be discussed in the following, electrical
conductivity measurement indicated that the
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composition consisting of 18.0wt% 0.5M
Zn(NOs3), aqueous phase, 57.4wt% petroleum
spirit and 24.6 wt% NP5 exhibited a bicontinuous
nanostructure in the microemulsion region. For the
precipitation of zinc hydroxide, an appropriate
amount of 1.0M NH,OH solution was added
dropwise into the bicontinuous microemulsion
while being agitated using a mechanical stirrer. The
precursor was then retrieved by washing away the
petroleum spirit and NP5 phases using ethanol,
followed by centrifugal recovery and drying at
50°C in an electrical oven. DTA and TGA analyses
were performed on the as-dried zinc hydroxide
powder at a heating rate of 1°C per minute up to
900°C in air. The precursor was calcined at 470°C
for 3h in order to obtain an zinc oxide powder.
Particle size analyser (Horiba LA910) and BET
surface analyser (Quantachrome, Nova 2000) were
used to measure the particle size distribution and
specific surface area of the calcined zinc oxide
powder. The calcined powder was also char-
acterised using X-ray diffraction (XRD, Cu-Ka)
and scanning electron microscope (SEM) for phase
analysis and microstructural study, respectively.

3 RESULTS AND DISCUSSION

Figure 1 shows the ternary phase diagram estab-
lished for the system comprising 0.5M Zn(NO3),
solution as the aqueous phase, petroleum spirit
(boiling point: 100-120°C) as the oil phase and
poly(oxyethylene)s nonylphenol ether (NP5) as the
non-ionic surfactant. The microemulsion region
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Fig. 1. The ternary phase diagram established at room tem-
perature for the system consisting of 0.5M Zn(NOs), aqu-
eous phase, petroleum spirit (PE, boiling point: 100-120°C)
and poly(oxyethylene)s nonyl phenol ether (NPS5). The
demarcation between the water-in-oil microemulsion and
non-microemulsion regions was determined on the basis of
clear—turbid observation. The compositions along the dotted
line were used for conductivity measurement as shown in Fig. 2.
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widens with increasing surfactant to oil phase
ratio. As mentioned above, the demarcation
between the transparent micromeulsion and turbid
non-microemulsion regions was determined on the
basis of clear—turbid observation. This, however,
does not differentiate a bicontinuous microemul-
sion from an inverse microemulsion, as they both
appear optical transparent. Therefore, electrical
conductivity measurement was carried out on some
selected compositions.

Figure 2 shows the electrical conductivity as a
function of weight percentage of 0.5M Zn(NO3),
aqueous phase in the compositions along the dot-
ted line in Fig. 1, when the oil (PE) to surfactant
(NP)) ratio is fixed at 7:3. It appears that the elec-
trical conductivity is approaching zero in the
compositions containing < 5.0 wt% aqueous phase,
followed by a steady increase with increasing aqu-
eous content from 5 to 18 wt% aqueous phase
where the conductivity reaches the maximum. It
then decreases sharply with further increase in the
aqueous content from 18 to 28 wt%. The compo-
sitions containing > 28 wt% aqueous phase exhibit
an electrical conductivity of approaching zero. It
may therefore be concluded, on the basis of the
conductivity measurement, that a bicontinuous
microemulsion is formed along the dotted line in
Fig. 1 with the aqueous content ranging from 10 to
25wt%. Further increase in the aqueous content
will transform the bicontinuous nanostructure into
a water-in-oil inverse microemulsion in the optical
transparent region. Such a structural transforma-
tion has been observed in other microemulsion
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Fig. 2. The change of electrical conductivity as a function of

weight percentage of 0.5M Zn(NOs), aqueous phase when
the oil to surfactant ratio is fixed at 7:3.
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systems.?? Therefore, the composition consisting
of 18.0wt% 0.5M Zn(NOj), aqueous phase,
57.4wt% petroleum spirit and 24.6 wt% NP5, which
was chosen in the present work for the preparation
of zinc oxide powder, is a bicontinuous microemul-
sion. It is represented by the point P in Fig. 1.
Figure 3(a) and (b) show the TGA and DTA
curves, respectively, obtained at a heating rate of
10°Cmin~! in air for the as-dried hydroxide pow-
der, which was white in appearance. The precursor
shows two falls in specimen weight with increasing
heating temperature, one of which occurs over the
temperature range from 140 to 190°C and the other
over the temperature range from 270 to 330°C.
Little weight loss was observed with increasing
temperature at temperatures above 400°C, indicat-
ing the completion of all the reactions involving a
weight loss. In correlating the result of TGA
analysis to that of DTA study, a sharp endotherm
peaking at 167.4°C was observed. Therefore, the fall
in specimen weight over the temperature range from
140 to 190°C is believed to be due to the loss of
residual water and organic residuals in the as-dried
precursor powder. There are two apparent exo-
therms, peaking at 319.2 and 350.5°C, respectively.
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Fig. 3. The TGA (a) and DTA (b) curves obtained at a heat-
ing rate of 10°Cmin~! in air for the as-dried hydroxide
powder.
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As may be expected, the hydroxide precursor
undergoes decomposition with increasing tempera-
ture, forming zinc oxide which will subsequently
undergo crystallisation. In many oxide ceramics,
such as in zirconia and yittria, the two processes
take place over almost the same temperature
range.?? Therefore, it is believed that the occur-
rence of the first exotherm peaking at 319.2°C is
related to the decomposition of zinc hydroxide,
forming zinc oxide. This is supported by the
occurrence of the second fall in specimen weight
over the temperature range from 270 to 330°C. The
second exotherm peaking at 350.5°C is due to the
subsequent crystallisation of zinc oxide, forming a
crystalline oxide powder.

As shown in Fig. 3(a), little further weight loss
and no any endothermic and exothermic reactions
were observed with increasing heating temperature
at temperatures above 400°C. Therefore, the
hydroxide precursor was calcined at 470°C for 3h
in order to obtain zinc oxide powder. As shown in
Fig. 4, XRD phase analysis confirms that the as-
calcined powder is a high-purity crystalline zinc
oxide. Figure 5 shows the particle size distribution
measured using laser scattering technique for the
zinc oxide powder. It consists of fine particles of
sub-micrometer in sizes, with an average particle
size of 0.16 um. Its particle size distribution covers
a spectrum from 0.1 to 0.8 um. BET specific sur-
face analysis showed that the powder exhibited a
specific surface area of 6.7m?g~!, which is equiva-
lent to an approximated average particle size of
0.15um. Therefore, the particle sizes measured
using the two techniques are in very good agree-
ment. Figure 6 is a SEM micrograph showing that
the zinc oxide powder consists of fine and nearly
spherical particles of sub-micrometer in sizes.
Nanosized zinc oxide crystallites are clearly visible
within individual powder particles. These ultrafine
crystallites are related to the nanosized hydroxide
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Fig. 4. XRD trace for the powder calcined at 470°C for 3 h,
indicating that it is a high purity crystalline zinc oxide.
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Fig. 5. The particle size distribution measured using laser
scattering technique for the calcined zinc oxide powder.
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Fig. 6. An SEM micrograph showing the microstructure of
the calcined zinc oxide powder.

precipitate particles formed in the nanostructured
bicontinuous microemulsion. Grain growth and
particle agglomeration have taken place during the
calcination process at 470°C

4 SUMMARY

An ultrafine zinc oxide powder has been prepared
via a microemulsion processing route. The zinc
hydroxide precursor was formed by adding an
appropriate amount of 1.0 M ammonia solution
into a microemulsion system consisting of
18.0wt% 0.5M Zn(NOs), solution as the aqueous
phase, 57.4wt% petroleum spirit as the oil phase,
and 24.6wt% poly(oxyethylene)s nonyl phenol
ether (NP5) as the non-ionic surfactant. Electrical
conductivity measurement indicated that the opti-
cal transparent microemulsion system exhibited a
bicontinuous nanostructure. Subsequent calcina-
tion of the bicontinuous microemulsion-derived
zinc hydroxide precursor at 470°C for 3 h resulted
in the formation of the ultrafine zinc oxide powder,
which exhibits an approximated average particle
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size of 0.15 um, as characterised using particle size
analyser and BET specific surface analyser.
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