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Spherical and rod-like zinc oxide microcrystals:
morphological characterization and
microstructural evolution with temperature
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Spherical ZnO microcrystals obtained by spray pyrolysis and thermal decomposition methods
as well as rod-like ZnO particles (prismatic and needle shaped) prepared from precipitation in
aqueous solutions, have been characterized by electron microscopy, X-ray diffraction and in-
frared spectroscopy. Very different sizes of ZnO particles were obtained from spray pyrolysis.

However, only the larger particles (0.7 pm) were found to be slightly deformed by infrared
spectroscopy. From thermal decomposition of zinc acetate, fine particles of average size

0.05 pm, rather spherical and agglomeration free were obtained. The role of initial size

and morphology in the thermal evolution is fundamental: very fine spherical particles
(0.01-0.02 um), can be sintered to give particles of 0.1-0.3 pm at 875 °C with unchanged
morphology. When the temperature induces a change in spherical shape, the first microstruc-
tural changes appear to take place through the crystallographic c-axis. However, for rod-like
particles, changes begin from the a, b axes, being faster for needle-shaped microcrystals.

1. Introduction

It is well known that zinc oxide presents interesting
physico-chemical properties, rendering it a suitable
compound for widespread applications, such as
ceramic material in electro-optical devices and varis-
tors, a semiconductor, in the rubber industry and in
pharmaceutical and cosmetic products, etc.

In order to improve the properties which are de-
pendent on the zinc oxide surface, control of morpho-
logy and particle size is required. With this aim,
several authors have developed new ways for obtain-
ing homogeneous zinc oxide microcrystals. Spherical
particles have been obtained by spray pyrolysis [1]
and aqueous precipitation [2] procedures, and rod-
like particles have been prepared by homogeneous
precipitation in an aqueous medium [3, 4], thermal
decomposition of organometallic zinc complexes [5]
and calcination of basic zinc carbonate powders [6]
among other procedures.

In this paper, an alternative method for obtaining
spherical zinc oxide powders is presented. The proced-
ure is based on the thermal decomposition of zinc
acetate (TD). In addition, an exhaustive character-
ization of spherical and rod-like particles is carried
out. With this purpose, the thermal evolution of zinc
oxide powders, prepared from different procedures
and/or conditions, is followed by X-ray diffraction,
electron microscopy and infrared spectroscopy.

Satisfactory interpretation of experimental infrared
spectra can be carried out from the pure phonon
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theory 'known as the theory of average dielectric
constant (TADC), which was generalized by Hayashi
et al. [7] for the case of randomly oriented ellipsoidal
particles having anisotropic dielectric constants.
From the TADC, the shape and agglomeration
state of the powder particles can be derived, so this
theory represents a powerful tool in the evaluation of
modern powder preparation techniques. The infrared
spectra corresponding to a large number of mono-
dispersed small ionic crystals appear to have been
successfully interpreted in recent literature [4, 8-13].

2. Experimental procedure

2.1. Materials

All chemicals were of reagent grade and the solutions
were filtered through 0.22 pm pore size Millipore
filters to remove any contaminant particles.

2.2. Preparation of zinc oxide powders

2.2.1. Spray pyrolysis

Two samples, SP and SP’, were obtained according to
a procedure described previously [1, 8]. The particu-
lar conditions were: a methanol solution of 0.014 M
zinc acetate (SP) and a methanol solution of 0.067 m
zinc nitrate (SP').
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2.2.2. Thermal decomposition
Zinc acctate was calcined in a furnace at 400°Cfor 4 h
up to full decomposition [14].

2.2.3. Aqueous precipitation
The procedure followed to prepare the rod-like par-
ticles was described previously [4]. Representative
monodispersed microcrystals were obtained under the
conditions: 0.05 M zinc nitrate and 0.05 M hexamethyl-
enetetramine for the synthesis of prismatic particles
(P) (see Fig. 8a); 0.01 M zinc nitrate and 0.05 M hexa-
methylenetetramine for needle particles (N) (see Fig.
8b). In both cases, the solutions were maintained at
100 °C for 30 min.

The powders prepared from each procedure were
heated at temperatures between 600 and 1300 °C for
6 h in an oven.

3. Morphological characterization

In order to study the different samples as well as their
evolution with temperature, X-ray diffraction (XRD)
patterns (Philips PW 1729), transmission (TEM) and
scanning (SEM) electron micrographs (Philips 300
and Jeol T-100 respectively) and infrared spectra (Per-
kin Elmer 580B, K Br pellets) were obtained. The XRD
patterns corresponding to rod-like particles were re-
corded as oriented aggregates.

The experimental infrared spectra were analysed by
means of the TADC. A theoretical background can be
found in the literature [7, 15, 16]. In this theory, the
influence that the shape and agglomeration state of
the particles have on the two transverse optical modes
of the zinc oxide (wyy =377cm™! and wy, = 406
cm™?') is taken into account through the depolariz-
ation or shape factor, g, and filling factor, f, respect-
ively. The particle shape is assimilated to a revolution
ellipsoid through a g factor associated with the crys-
tallographic axes of the crystal. The shape factor
associated with the c-axis is called g; its value ranges
between 0 for the cylinder and 1 for the slab, being 0.33
for the sphere and such that g, + 2g, = 1. The filling
factor, f, represents the fraction of the total sample
volume occupied by the ellipsoids, and its value ranges
between 0 and 1.

In order to illustrate the influence that these factors
have on the position and intensity of the two optical
modes, calculated infrared spectra are represented in
Fig. 1. It must be noted that the damping parameters
of each vibrational mode were multiplied by factors
close to 5 to approximate the experimental peak
broadening.

It can be seen from Fig. 1a, that the two absorption
bands of zinc oxide move in opposite directions as
the particles shape varies from the slab (g, = 1) to
the cylinder (g, = 0) morphology. The crossing of the
absorption bands is such that for g, values close to the
sphere they overlap, giving rise to a simple band at
about 494 cm ~!. Therefore, from the spherical mor-
phology, an increase in the splitting of the absorption
bands is produced as the prolative or plate-like shape
is reached.
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Figure 1 Calculated spectra for ZnO microcrystals (a) with different
shape factors and f= 0.1, (b) with different filling factors and g,
= 0.33. Striped (E,;) and solid (E ;) shaded bands are originated by
each polarization mode.

On the other hand, if the spherical morphology
remains constant and the agglomeration state is var-
ied, the spectra show in all cases a single band which is
shifted from 494cm™" (f=0.1) to 432cm™ ! (f =
0.8). However, in general, when non-homogeneous
morphologies are present in a powder, special care
must be taken in the analysis of the experimental
infrared spectra because several bands can overlap
giving an infrared spectrum which can be the subject
of misleading conclusions.

4. Results and discussion
4.1. Spray pyrolysis
Figs 2 and 3 show the electron micrographs corres-
ponding to SP and SP' powders as well as their
evolution with temperature. The initial particles ob-
served by SEM (Figs 2a, 3a) show a spherical morpho-
logy in both cases, with an average size of 0.2 and
0.7 um, respectively. However, when the SP sample is
observed by TEM (Fig. 2b), a non-homogeneous ar-
rangement of smaller particles, called primary par-
ticles (0.01-0.02 um), appears. Therefore, the larger
particles (secondary particles) can be considered to be
formed by agglomeration of the primary particles.
Furthermore, some aspects of the SP’ sample should
be noted: (i) the primary particles are very scarce,
being mostly integrated inside the secondary particles
(Fig. 3b); (ii) these particles appear more firmly packed
than particles obtained from zinc acetate solution.
When the SP sample is heated above 600 °C, most
of the primary particles disappear, and the secondary
particles appear to be more closely and firmly packed.
At 875°C, only one kind of particle is observed
(Fig. 2c) with a particle size between 0.1 and 0.3 um,
which can be explained through a sintering process
from the primary particles. It must be noted that these
internal changes are not observed by SEM; the same
aspect remains throughout this temperature interval.
For the SP’ sample, the evolution with temperature
is rather different; SEM at 875°C (Fig. 3c) shows an
appreciable sintering between the secondary particles,
increasing the average size from 0.7 um to 1 um.
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Figure 2 Electron micrographs of ZnO microcrystals obtained by spray pyrolysis. (a) SEM, and (b) TEM of the initial sample SP, (c) TEM SP-875;

(d) SEM SP-1025.

XRD patterns (Fig. 4) are in agreement with the
electron micrographs. Two facts must be pointed out:
(i) the SP sample is less crystalline than SP’, which
may be due to its smaller particle size, and (ii) the
crystallinity in both samples improves as the temper-
ature is raised as a consequence of sintering.

At higher temperatures, both sintering and agglom-
eration of the secondary particles take place (Figs 2d,
3d), the resulting particles ranging in size between 0.1
and 0.8 um for SP (1025 °C), and about 1.5 um for SP’
(1150°C).

Further conclusions can be drawn from the analysis
of the infrared spectra (Fig. 5). The differences ob-
served in the SP and SP’ spectra can only be at-
tributed to morphological differences because particle
sizes below 10 pm do not affect the infrared spectrum
[17], and the agglomeration state can shift one or
more bands but cannot cause their splitting (Fig. 1b).
The single band centred at 460 cm™! (SP), must be
assigned to spherical particles, but when band split-
ting occurs, prolative or platelike shapes are present
{see Section 3). In SP’, the bands at 490 and 442 cm ™!
are assigned to the wy, and wy; modes, respectively;
therefore, for SP’ it can be concluded that slightly
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prolate particles are obtained. An initial sintering
between secondary particles may be a probable ex-
planation for this fact. The infrared spectra at 600 and
875°C (the shoulder is reinforced with temperature),
as well as the SEM of Fig. 3¢, endorse this argument.

For the same temperature interval, the SP sample
shows one band shifted to different frequencies. As
pointed out, this fact is successfully explained from
variations in the state of agglomeration of the spher-
ical morphology, and the spectra SP, SP-600 and SP-
875 are well reproduced with filling factors 0.5, 0.8 and
0.4, respectively. These results suggest that the initial
sample heated at 600 °C increases its agglomeration
state from 0.5 to 0.8, which can be interpreted by TEM
as being due to a sintering and growth of the primary
particles. The reduction in agglomeration of the par-
ticles between 600 and 875 °C may be explained by a
total sintering of the primary particles, leaving the
secondary ones less agglomerated.

At higher temperatures (SP-1025), band splitting
due to prolate morphology is produced as a conse-
quence of a new sintering process between the second-
ary particles. Therefore, from the results obtained for
SP’” and SP samples, it can be deduced that the



Figure 3 Electron micrographs of ZnO microcrystals obtained by spray pyrolysis. {a) SEM, and (b) TEM of the initial sample SP’, (c) SEM SP'-875,

(d) SEM SP-1150.
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Figure 4 Evolution with temperature of the XRD patterns of ZnO
microcrystals obtained by spray pyrolysis. (a) SP’ sample, (b) SP

sample.
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Figure 5 Evolution with temperature of the infrared spectra of ZnO
microcrystals obtained by spray pyrolysis. (a) SP’ sample, (b) SP
sample.
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splitting of the absorption band eccurs only when
sintering take place between spherical particles which
are above ~ 0.3 um in size. It must be noted at this
point, that the SP sample presents a thermal behavi-
our (7 < 1025°C) which resembles the formation of
rod-like zinc oxide microcrystals in homogeneous
solutions [4]. In this case, the initial crystalline spher-
ical particles increase their size up to 0.5-1 pm. This
size appears to be critical because once reached, every
pair of particles begins to engage by interaction
through the c-axes, giving rise to embryonic rod-like
microcrystals which later grow from the solution com-
plexes by some kind of ripening mechanism. When the
SP sample is thermally treated, the very fine spherical
particles increasing in size up to 0.1-0.3 um by a
sintering process, maintaining their spherical morpho-
logy. From this size, the sintering process takes place
through the interaction of the c-axes, giving non-
homogeneous particles, with an axial ratio c¢/a > 1.
When the temperature increases to above 1025 °C
for SP and to between 875° and 1150°C for SP,
dramatic changes are seen from the respective infrared
spectra. Crossing of the bands is now produced (in
SP’-1150 it is well observed) in such a manner that the

Figure 6 Transmission electron micrograph of ZnO microcrystals
obtained by TD: (a) initial sample, (b) TD-600.
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shoulder at 530 cm ™" is due to wy mode, which is in
agreement with a change in the axial ratio c/ato < 1.

4.2. Thermal decomposition

Fig. 6a shows a transmission electron micrograph of
zinc oxide prepared by thermal decomposition. In this
case, particles (average size 0.05 pm), with a morpho-
logy near to spherical, are obtained. As in the pre-
ceding samples, agglomeration and sintering increase
with temperature, thus the particle size becomes
0.4 um at 600 °C (Fig. 6b).

Again, a more detailed description is obtained from
infrared spectroscopy. In effect, the infrared spectrum
corresponding to the initial particles (Fig. 7, TD), is in
agreement with a spherical morphology; the position
of the maximum (480 cm ~') suggests that this powder
is nearly agglomeration free.

Above 600°C, band splitting appears as conse-
quence of the sintering between particles of 0.4 um, as
described for SP and SP’ samples.

Finally, it must be noted that morphological
changes involved in the prolate—oblate transition oc-
cur at higher temperatures for this powder, which can
be inferred from the comparison of the infrared spec-
tra TD-1150 with SP-1150 and SP’-1150, respectively.

4.3. Aqueous precipitation
In Fig. 8, scanning electron micrographs correspond-
ing to P and N particles are shown, as well as their
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Figure 7 Evolution with temperature of the infrared spectra of ZnO
microcrystals obtained by TD.



Figure 8 Scanning electron micrograph of ZnO microcrystals obtained from aqueous precipitation. (a) Prismatic shape, P; (b) Needle shape, N; (c)
P-1150; (d) N-1150.

evolution at 1150 °C. Both the smaller ¢/a axial ratio
and the greater resistance to thermal treatment for P
particles than for N particles can be observed. This
conclusion can also be deduced from evolution of the
XRD patterns (Fig. 9). While for P particles, the
relative variation in the intensities of the (002) and
(100) diffraction lines is significative only at 1300 °C,
for N particles, this variation is continuous from low
temperatures and greater than that corresponding to
P. particles for the same temperature.

Similar conclusions are deduced from the infrared
spectra shown in Fig. 10. The high splitting of the
infrared bands observed in P and N spectra is in
agreement with a fairly fibrous morphology. Never-
theless, this splitting is greater in spectrum N; so N
particles will have greater c/a axial ratio values. On
the other hand, the effect of temperature also can be
inferred from the band splitting which decreases more
quickly for N particles.

The infrared spectra obtained up to 875°C show
other interesting aspects that must be taken into
account: (i) the band centred above 500 cm ™! is shifted
while the other one remains constant, (ii} a shoulder
appears at 564 and 530 cm™' in P and N spectra,
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Figure 9 Evolution with temperature of the XRD patterns of ZnO
microcrystals obtained from aqueous precipitation. (a) Prismatic
shape, (b) needle shape.
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Figure 10 Evolution with temperature of the infrared spectra of ZnO
microcrystals obtained from aqueous precipitation. (a) Prismatic
shape, (b) needle shape.

respectively. As the band around 400 cm ™" is due to
the wy mode, the thermal evolution of the infrared
spectra in this range of temperature seems to indicate
that morphological changes are developed preferen-
tially in the a, b crystallographic directions. For the
highest temperatures, the ¢ axis is also affected and a
marked crossing of bands is observed for P particles at
1300 °C.

5. Conclusions

1. ZnO spherical particles of very different sizes are
obtained by spray pyrolysis; however, only the larger
particles (0.7 pm) are shown to be slightly deformed,
from the infrared spectra.

2. Thermal decomposition of zinc acetate yields
fine particles of average size 0.05 um, agglomeration
free, and close to spherical morphology.

3. The aqueous precipitation method is suitable for
obtaining needle-shaped and prismatic microcrystals.
Both kinds of particle present a high fibrous morpho-
logy, the needle-shape having a greater c/a axial ratio.

4. On the other hand, the role of morphology in
thermal behaviour is fundamental. The finer spherical
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powder (SP), remains unchanged until particles larger
than 0.3 um are formed above 875°C. When the
temperature alters the spherical shape, the first micro-
structural changes take place through the crystallo-
graphic c-axis. However, for rod-like particles, the
changes begin from the a, b crystallographic axes and
are faster for needle-shaped microcrystals. Therefore,
it can be suggested that microstructural changes due
to thermal treatments do not occur at random, but
that they are conditioned by the crystallographic axes.
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