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a b s t r a c t

The solvothermal synthesis of ZnO particles from zinc acetylacetonate [Zn(acac)2] in the presence of
triethanolamine (TEA) and various solvent systems at 170 �C is reported. The structural, optical and
morphological characteristics of ZnO particles were investigated. It was found that the size and shape of
ZnO nanoparticles and the way of their aggregation depend on the mole ratio [TEA]/[Zn(acac)2] and the
type of alcohol used as a solvent. Doubling the molar ratio of TEA to Zn(acac)2 in the presence of ethanol
favoured the formation of huge spherical aggregates (>3 mm) assembled from fine and uniform ZnO
nanoparticles (~20 nm). The results of present investigation show a strong impact of surface interactions
between the formed ZnO nanoparticles and the molecules of solvent and TEA on the way of growth and
aggregation, which enables the control of their morphological properties. The results show that TEA
serves as a link between primary ZnO nanoparticles to form spherical aggregates with a controllable
diameter. The results of X-ray diffraction size-strain analysis indicate the presence of size anisotropy with
bigger crystallites in the direction of the c-ax of the zincite lattice compared with the direction
perpendicular to the c-ax. The red shift of the absorption edge and reduced band gap energies are clearly
visible with the increased sample microsphere size.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Zinc oxide (ZnO) is an important material with powerful optical,
electrical, and structural properties. Morphologically it is a very
attractive compound that possesses thermal and chemical stability.
Due to these unique characteristics zinc oxide is a commercially
exploited material with a wide range of applications such as LEDs,
gas or UV sensors, catalysts, varistors, photodetectors, paints, cos-
metics, rubber, solar cells, detectors, etc. Moreover, due to its
nontoxicity and high photocatalytic activity, ZnO is increasingly
used for the degradation of various environmental pollutants [1,2].

To develop size and morphology controlled ZnO nanoparticles,
synthesis route is of major importance [3]. For instance, Verges
et al. [4] synthesized rod-like zinc-oxide nanoparticles obtained
from the hydrolysis of zinc nitrate and zinc chloride in the presence
of hexamethylenetetramine.Wu andWu [5] used the hydrothermal
method with a ZnCl2$Zn(OH)2 compound as the precursor for the
synthesis of ZnO nanorods. Yu and Yu [6] hydrothermally synthe-
sized ZnO hollow spheres with porous crystalline shell starting
from the ZnCl2/glucose precursor. The synthesized ZnO spheres
were used for the decolourization of the Rhodamine B aqueous
solution. The results showed that hollow spheres could be more
readily separated from the slurry system by filtration or sedimen-
tation after a photocatalytic reaction and reused than a conven-
tional powder photocatalyst. Cho et al. [7] reported about the high
influence of citric acid and various citrates on the nucleation,
growth and shape of ZnO crystals. The hydrolysis of zinc acetyla-
cetonate monohydrate in the presence of citrate anions yielded
square plate-like ZnO particles [8]. Nanosize ZnO particles were
prepared by the thermal decomposition of zinc acetylacetonate
monohydrate [9], whereas its simple hydrolysis in aqueous media
at 90 �C yielded hollow tubular ZnO particles [10].

Among the various organic additives used to date, a versatile
family of ethanolamines that combine the properties of amines and
alcohols have found important applications, since they induce a
considerable change in particle surface properties [11e14]. Dieth-
anolamine (DEA) [13] or triethanolamine (TEA) [11,12] were used as
polymerization agents and stabilizers to control the morphology of
the ZnO microsphere assembled by the aggregation of primary
nanoparticles. Triethanolamine as a complexing agent enhances
the doping probability of the formed Sb-doped ZnO nanopowder
[14]. Fu et al. [15] proposed a growth mechanism of spherical
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agglomerates with 200 nm in diameter, generated by the oriented
attachment of 4e6 nm ZnO nanoparticles in a mixed water-
isopropanol system using triethanolamine. It was suggested that
the selective adsorption of triethanolamine molecules on crystal-
lographic planes plays an important role in their oriented attach-
ment, leading to the formation of flocky spheres with a single-
crystal structure. On the other hand, Yao et al. [16] reported
about the synthesis of biphasic nanocomposites of ZnO-
poly(vinilpyrrolidone) which exhibited twinned pseudospherical
morphology in the range of 100 nm to several micrometres. The
combination of oriented attachment together with the Ostwald
ripening of small primary particles in a later stage of the reaction
produced a cavity inside the spherical mesocrystals.

In this research we investigated the impact of several important
processing parameters (the presence of TEA as a grown particle
modifier, the presence of acac� ligands and the presence of solvent
molecules of different size and polarity) on the structural and
microstructural properties of the obtained ZnO particles. The aim of
the investigation was to achieve a good control of the size and
morphology of primary ZnO nanoparticles and the way of their
aggregation.

2. Experimental

2.1. Preparation of samples

Zinc acetylacetonate monohydrate (Zn(C5H7O2)2$H2O; Alfa
Aeser®), triethanolamine (C6H15NO3; Kemika) absolute ethanol
(C2H5OH; Kemika) and 1-octanol (CH3(CH2)7OH; Sigma Aldrich), all
of analytical purity were used.

The experiments were divided into three groups. Sample nota-
tion and the conditions used for their preparation are given in
Table 1. The first series of samples was synthesized by adding
Zn(acac)2 (0.5 g) to ethanol (30 ml) and autoclaving at 170 �C for 4,
24 or 72 h (samples E1, E2 and E3, respectively). The second series
of samples was synthesized by adding Zn(acac)2 (0.5 g) to octanol
(30 ml) and autoclaving at 170 �C for 4, 24 or 72 h (samples O1, O2
Table 1
The notation and experimental conditions used for the preparation of ZnO samples.
Each precipitation system contained 0.5 g of Zn(acac)2. Ageing temperature was
170 �C.

Sample [TEA]/[Zn(acac)2] Ethanol/ml Octanol/ml tageing/h

E1 0 30 4
E2 0 30 24
E3 0 30 72
O1 0 30 4
O2 0 30 24
O3 0 30 72
ET1 1:2 30 4
ET2 1:2 30 24
ET3 1:2 30 72
ET4 1:1 30 4
ET5 1:1 30 24
ET6 1:1 30 72
ET7a 2:1 30 4
ET8 2:1 30 24
ET9 2:1 30 72
OT1 1:2 30 4
OT2 1:2 30 24
OT3 1:2 30 72
OT4a 1:1 30 4
OT5 1:1 30 24
OT6 1:1 30 72
OT7a 2:1 30 4
OT8a 2:1 30 24
OT9a 2:1 30 72

a There was no precipitation.
and O3, respectively). The third series of samples was synthesized
in the presence of triethanolamine (TEA). Firstly, the triethanol-
amine (TEA) was dissolved in ethanol. Then Zn(acac)2$H2O was
added to this solution and the molar ratio of TEA to Zn(acac)2$H2O
was adjusted to 1:2, 1:1 and 2:1 (TEA/ethanol precursor solutions).
Thus prepared transparent precursor solution was autoclaved at
170 �C for 4, 24 or 72 h (samples ET). In the same way the TEA/
octanol precursor solutions were prepared and autoclaved at 170 �C
for 4, 24 or 72 h (samples OT). A 50 mL Teflon-lined stainless steel
autoclave was used. After autoclaving, the obtained precipitates
were centrifuged and washed several times with ethanol, then
dried.

2.2. Characterization of samples

XRD patterns were recorded using Italstructures X-ray powder
diffractometer (APD 2000, Cu-Ka radiation, graphite mono-
chromator, scintillation detector). FT-IR spectra were recorded us-
ing a Perkin Elmer spectrometer (model 2000). UV/Vis spectra were
recorded by a Shimadzu UV/Vis/NIR spectrometer equipped with an
integrated sphere (model UV-3600). The microstructural charac-
terization of samples was performed using a Field Emission Scan-
ning Electron Microscope (FE-SEM) model JSM-7000F and a probe
Cs corrected Scanning Transmission Electron Microscope, model
ARM 200 CF, manufactured by Jeol Ltd.

3. Results

3.1. Electron microscopy analysis

Fig. 1 shows the SEM images of ZnO particles in samples E3, ET3
and ET6. Sample E3, prepared in ethanol without TEA, (Fig. 1a)
mostly consists of rod-like nanoparticles about 100 nm long with
the aspect ratio (length/width) around 2e3. There is a high ten-
dency of lateral aggregation. With the addition of a small amount of
TEA the size (~20 nm) of rod-like nanoparticles decreased signifi-
cantly (sample ET3, Fig. 1b). Fig. 1c and d shows the SEM images of
sample ET6 prepared at the mole ratio [TEA]/[Zn(acac)2] ¼ 1:1. At
lower magnification (Fig. 1c) the large regular spheres of ~1 mm in
size dominate, but the cracked spheres and much smaller irregular
nanoparticle aggregates are also visible. At higher magnification
discrete particles on the surface of one sphere become well-visible
(Fig. 1d).

Fig. 2 shows the SEM images of ZnO particles in sample ET8
prepared at the mole ratio [TEA]/[Zn(acac)2] ¼ 2:1. Fig. 2a shows
the characteristic big sphere ~3.5 mm in size with a clearly visible
fissure. Small irregular aggregates on the surface of the crack are
also visible. Fig. 2b shows a half of the cracked sphere. One can see
that the interior of the sphere consists of the same small nanosized
particles that can be found on the surface. The configuration of the
fracture is characterised by a number of slots (channels) that are
oriented from the centre of the sphere to its surface. Fig. 2c is a
magnified image showing the size and morphology of discrete and
uniform nanosized ZnO particles that constitute big spheres of
sample ET8.

Fig. 3 shows the SEM images of ZnO particles in samples O3, OT3
and OT6 prepared in octanol. Sample O3, prepared without TEA,
consists of (i) discrete rod-like nanoparticles ~100 nm in size
forming very weak bounded irregular aggregates, and (ii) bigger
spherical aggregates ~0.5 mm in size, shaped from the same rod-like
nanoparticles (Fig. 3a). Sample OT3, prepared in the presence of a
small amount of TEA (mole ratio [TEA]/[Zn(acac)2] ¼ 1:2), consists
of small irregular spheres about 100 nm in size made up of loosely
aggregated rod-like nanoparticles (Fig. 3b). Sample OT6, synthe-
sized in the presence of TEA at the mole ratio [TEA]/



Fig. 1. FE-SEM images of samples: (a) E3, (b) ET3, (c, d) ET6 at different magnifications.
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[Zn(acac)2] ¼ 1:1 consists of very big compact spheres formed by
the aggregation of several smaller spheres. Small nanoparticles on
the surface of these spheres are quite visible.

Fig. 4 shows the TEM/STEM images of sample ET2. The left panel
shows well-dispersed slightly anisotropic nanoparticles having the
mean particle size distribution of 16 nm as shown in the inset. The
right upper panel shows a high resolution image (BF-STEM) of
several stacking nanoparticles. A large nanoparticle in themiddle of
the panel exhibits crystal planes over the whole area notwith-
standing different contrasts, indicating that the nanoparticle is
monocrystalline. The right lower panel shows atomic resolution
image.
3.2. X-ray diffraction line-broadening analysis

The results of XRD line-broadening analysis indicate the pres-
ence of size anisotropy with bigger crystallites in the direction of
the c-ax of the zincite lattice compared with the direction
perpendicular to the c-ax (Table 2, Fig. 5).

The values of the volume-averaged domain size (Dv) and the
upper-limits of microstrains (e) were estimated from the results of
Williamson-Hall analysis [17] by using the equation:

�
b cosq

l

�
¼ K

Dv
�
�
4e sinq

l

�
(1)

where l is the wavelength, b stands for the physical broadening of
the diffraction line and K is the constant close to 0.9. The results of
individual profile fitting (program XFIT) indicated the presence of
size anisotropy with significantly narrower diffraction lines along
the direction <00l> (Fig. 5). For that reasonwe separately estimated
Dv and e values in the direction parallel to the c-ax, estimated from
the b values of the diffraction lines 002 and 004. The b values were
obtained by the convolution-fitting approach (program SHADOW
[18]) in which the instrumental profile (diffraction lines of well-
crystalline zincite powder) is convoluted with a refinable Voigt
function to fit the observed profile. The obtained results of
Williamson-Hall analysis are summarized in Table 2.

3.3. UVeVis spectroscopy analysis

In order to investigate the optical properties of synthesized
samples, the UVeVis study was carried out. Fig. 6 shows the
UVeVis spectra of selected samples, their corresponding particle
morphologies (inset) and calculated band gap values. The band gap
values of ZnO samples were calculated using the procedure
described by Dharma and Pisal [19]. The calculated band gap values
for all synthesized samples are given in Table SI (Supplementary
info). Fig. 6 shows that ZnO samples have no optical absorption in
the visible region, but there is good absorption almost in the whole
UV region. The UVeVis spectra of ZnO samples are characterized by
broad and intensive absorption between 400 and 250 nmwith two
superimposed maxima. One can see from Fig. 6 that the shape,
position and relative intensity of superimposed maxima depend on
the microstructural properties of synthesized ZnO samples. The red
shift of the absorption edge and reduced band gap energies due to
absorption closer to visible regions are clearly visible with the
increased sample microsphere size. Recently a relationship



Fig. 2. FE-SEM images of sample ET8 in detail at different magnifications. Fig. 3. FE-SEM images of samples: (a) O3, (b) OT3, (c) OT6.
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between the particle size and optical properties of ZnO nano-
particles was investigated [20]. A significant increase in the ab-
sorption at a wavelength shorter than 400 nm can be assigned to
the intrinsic bandgap adsorption of ZnO due to the electron tran-
sitions from the valence band to the conduction band [5]. The de-
fects in the ZnO nanorods due to the “oriented attachment” of
nanoparticles are the reason for a red-shifted absorption examined
by the UVeVis absorption spectrum [5].
3.4. FT-IR analysis

Fig. 7 shows the FT-IR spectra of selected ZnO samples. The left
panel shows the FT-IR spectra of samples synthesized in the pres-
ence of ethanol, whereas the right panel shows the spectra of
samples synthesized in the presence of octanol. The FT-IR bands
between 540 and 390 cm�1 with two poorly resolved bands are
characteristic of ZnO. Furthermore, the FT-IR spectra of ZnO sam-
ples are characterized by the bands above 600 cm�1 due to the
adsorbed water and organic molecules. The IR band at ~1630 cm�1

can be attributed to the bending vibration of H2O molecules
adsorbed on ZnO particles. The FT-IR bands at 1582 to 1619 cm�1, as
well as the bands at 1385 to 1414 cm�1, can be attributed to the
asymmetrical and symmetrical stretching vibration of chemisorbed
C]O bands originating from acetylacetonate [21]. The presented



Fig. 4. TEM/BF-STEM images of sample ET2 in detail at different magnifications. Inset in the left panel shows particle size distribution.
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FT-IR spectra indicate strong chemisorptions of carbonyl and car-
bonate groups on the surface of ZnO nanoparticles. Efafi et al. [20]
used FTIR spectroscopy to investigate the surface of synthesized
ZnO primarily sensitive to the surface reaction and found that ZnO
also showed a CeN peak at 1000e1250 cm�1 due to the reaction of
TEA with zinc acetate. The presence of a CeH group from the pre-
cursor at 830 cm�1 was also detectable.
4. Discussion

Generally, the formation of final ZnO particles could be divided
Table 2
Estimated values of the volume averaged domain sizes (Dv) and upper limits of
microstrains (e) and the corresponding values in the directions parallel to the c-ax of
zincite lattice as determined from the results of diffraction line broadening (Wil-
liamson-Hall analysis).

Sample Dv/nm e � 103 Dvkc-ax/nm e � 103kc-ax Aspect ratio

E1 17(2) 0.2(2) 31(3) 0.8(2) 1.8
E2 13(1) 1.0(2) 27(3) 0.9(2) 2.1
E3 31(3) 0.8(2) >50 2.0(5) >1.6
ET1 9(1) 0.6(2) 19(2) <0.2 2.1
ET2 12(1) 0.6(2) 21(2) <0.2 1.8
ET3 16(1) 0.2(2) 22(2) 0.6(2) 1.4
ET4 7(1) <0.2 12(2) 1.5(2) 1.7
ET5 9(1) 0.3(2) 21(2) 1.6(2) 2.3
ET6 11(1) 0.4(2) 25(2) 1.0(2) 2.2
ET8 11(1) 0.7(2) 24(2) 0.5(2) 2.2
ET9 15(1) 0.8(2) 30(2) 0.8(2) 2
O1 15(1) 0.6(2) 24(2) <0.2 1.6
O2 19(2) 1.5(2) 40(5) 0.9(2) 2.1
O3 24(1) 0.8(2) 40(5) <0.2 1.6
OT1 5(1) 0.3(2) 9(1) <0.2 1.8
OT2 7(1) <0.2 14(1) 1.1(2) 2
OT3 7(1) <0.2 14(1) 0.6(2) 2
OT5 7(1) 1.0(2) 16(1) <0.2 2.3
OT6 13(1) 1.0(2) 30(2) 0.7(2) 2.3
into two stages: the nucleation continued with the growth of pri-
mary nanoparticles and immediately thereafter the microsphere
aggregation. The presence of TEA had an effect on the nucleation as
well as on the crystal growth of ZnO. TEA molecules combine the
properties of amines which act as a weak base with a free electron
pair on the nitrogen atom and alcohol with three hydroxyl
branches. Therefore, TEA possesses a unique capability of under-
going reactions common to both groups.

It is assumed that the growth control of primary ZnO nano-
particles is established by the prevention of growth of nuclei in the
first stage and continued by the prevention of growth of ZnO
nanoparticles, which was achieved by a good adsorption of TEA on
the particles. The addition of a small amount of TEA caused a radical
change in the size of ZnO particles (Fig. 1a, b). Obviously, the sur-
faces of primary ZnO nanoparticles were covered with TEA mole-
cules which slow down the particle growth. On doubling the molar
ratio of TEA to Zn(acac)2 in ethanol the precipitation of ZnO was
delayed for more than 4 h, indicating the role of TEA chains in
preventing the aggregation of ZnO seeds into primary nano-
particles. Owing to their long chains TEA and octanol together can
provide a steric barrier between the ZnO particles, which allows
stable dispersibility of the suspension without precipitation.
Therefore, at the mole ratio [TEA]/[Zn(acac)2] ¼ 1:1 in octanol the
precipitation of ZnO particles was delayed (it occurred after 24 h of
ageing), whereas on doubling the molar ratio of TEA to Zn(acac)2
the precipitation of ZnO was completely absent during 72 h of
ageing. Clearly, octanol as a nonpolar long chain alcohol can slow
down nucleation and prevent nanoparticle growth if taken
together with a large amount of TEA.

In the second stage primary ZnO nanoparticles aggregated in
assembled spheres whose size and shape depend on TEA concen-
tration, ageing time and also the type of alcohol used. The growth
mechanism of the obtained ZnO spheres is of complex nature.
Spherical aggregation of ZnO particles is driven by means of non-
covalent interactions such as hydrogen bonding, van der Waals



Fig. 5. Individual profile fitting results of samples ET1, ET2, ET3 (left panel) and samples OT1, OT2, OT3 (right panel).
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forces and electrostatic forces. The formation of bigger densely
packed ZnO spheres is favoured by increasing the TEA to
Zn(acac)2 mol ratio. The excess amount of TEA caused a too fast
aggregation of primary ZnO nanoparticles. Doubling themolar ratio
of TEA to Zn(acac)2 in the presence of ethanol for 24 h favoured the
formation of huge spherical aggregates (>3 mm) assembled from
fine and uniform ZnO nanoparticles (~20 nm) (Fig. 2). The observed
uniform dense packing of ZnO nanoparticles can also be attributed
to the influence of small polar molecules of solvent (ethanol), while
the cracking of huge spherical aggregates probably occurred due to
the internal pressure associated with trapped solvent molecules
and product gases (probably CO2, NO, H2O). Obviously the increase
of TEA to Zn(acac)2 mol ratio in the presence of ethanol favoured
the aggregation of primary nanoparticles into bigger uniform reg-
ular spheres. Thus the excess amount of TEA had a different impact
on the aggregation process. Ethanol as a small polar molecule,
along with TEAmolecules, is involved in the aggregation of primary
ZnO nanoparticles. The most important driving forces responsible
for the growth mechanism of ZnO spherical aggregates are diverse
interactions of the solvent molecule as well as the TEA molecule
with the surface of primary ZnO particles. These processes involve
noncovalent interactions such as hydrogen bonding, the screening
effect, etc. Due to the interaction between the TEA hydroxyl group
and the surface of primary ZnO particles, the particle growth is
limited on one side. On the other side, the remaining free hydroxyl
groups of TEA molecules are attracted to each other by hydrogen
bonding forces and serve as a link between neighbouring ZnO
particles [11,13]. Thus the aggregation of ZnO nanoparticles into
sphere in the second stage was achieved with a minimum of par-
ticle surface energy. Razali et al. [13] proposed the formation
mechanism of microsphere ZnO nanostructures synthesized by the
solvothermal method in diethanolamine (DEA). The formed ZnO
nanoparticles were attracted to DEA chains due to an interaction
between the hydrogen atoms in DEA and oxygen in ZnO. After that
DEA chains were attracted to each other by hydrogen bonding
forces and the seeds of a ZnO microsphere would be formed.
Therefore, DEA acted as a bridge to form the ZnO microsphere and
stopped the growth of ZnO nanoparticles. The morphology studies
of samples prepared in monoethanolamine (MEA) and triethanol-
amine (TEA) confirm that DEA is a good polymer agent which plays
an important role in preparing microsphere ZnO nanostructures.
The effect of ethanolamine family on the morphology of ZnO
nanoparticles is dependent on the number of hydroxyl branches.
Xu et al. [11] discussed the formation mechanism of ZnO spheres
formed by the agglomeration of nanoparticles synthesized by the
hydrothermal method with different volume ratios of TEA to H2O.
The increases in the volume ratios of TEA to H2O, used to control the
diameter of ZnO spheres, favoured the formation of bigger densely
packed ZnO spheres. The authors [11] emphasized that the pres-
ence of water in the hydrothermal system reduced the coordination
ability of TEA molecule with Zn2þ. A similar formation mechanism
has been reported [22] for the preparation of water-soluble Fe3O4



Fig. 6. UVeVis spectra of samples ET5, ET8 (left panel) and samples OT1, OT5 (right panel). Inset images show the corresponding SEM images at the same magnification (10000�)
and calculated band gap values.
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sphere-like aggregate by the use of polyethylene glycol(5), non-
ylphenyl ether (NP5) and cyclodextrin (CD). Ambro�zi�c et al. [23]
proposed a formation mechanism of ZnO nanoparticles produced
by starting from zinc acetylacetonate hydrate in organic media.
They suggested that reaction proceeded via the alcoholytic CeC
cleavage of the acetylacetonate ligand, which is promoted by water
molecules present in the precursor and/or formed during poly-
condensation of the ZneOH species. In this work, it is assumed that
the intrinstically water from zinc acetylacetonate monohydrate is
involved in ZnO nanoparticles formation.

Nonpolar molecules of octanol were involved in the aggregation
of ZnO particles by weak van derWaals forces, whereas ethanol as a
small polar molecule [24,25] could contribute to aggregation via
reversible hydrogen bonding. For instance, weak van der Waals
forces, as well as the steric barrier of long chain octanol, favoured
the aggregation of primary nanosized iron oxide particles into
irregular aggregates instead of regular spheres, as in the case of
ethanol [24]. Park et al. [26] concluded that the polarity of the
solvent is a key factor for the final particle size. A long-chain alcohol
hinders hydrogen bonding and provides a repulsive force between
particles. From the relationship between the dielectric constant and
turbidity time the authors concluded that the reaction participating
units are small oligomers rather than monomers.

Evidently, the addition of a small amount of TEA ([TEA]/
[Zn(acac)2] ¼ 1:2) in the presence of octanol caused a significant
reduction in particle size, not only of primary ZnO nanoparticles but
also of their aggregates (Fig. 3b). The results of XRD analysis show
that for the same experimental conditions the change of solvent
from ethanol to octanol caused a reduction in the ZnO crystallite
size (Fig. 5).
5. Conclusions

In this research we presented the impact of several important
processing parameters (the presence of TEA as grown particle mod-
ifier and the presence of solvent molecules of different size and po-
larity) on the structural and microstructural properties of the
obtained ZnO particles. The results of present investigation show a
profound effect of surface interactions between the formed ZnO
nanoparticles and themolecules of TEA and the solvent on theway of
growth and aggregation, which enables the control of their
morphological properties. TEA plays a crucial role in the control of the
morphology and particle size of primary ZnO, acting both as a sup-
pressor of primary ZnO nanoparticle growth which then aggregate
into sphere, and also as a grown particle modifier of thus assembled
nano/micron ZnO spheres. The formation of final ZnO particles could
be divided into two stages; the growth of primary nanoparticles and
immediately thereafter aggregation in microsphere.

It was established that the way of ZnO nanoparticle growth and
their aggregation depend on the molar ratio [TEA]/[Zn(acac)2] and
the type of alcohol used as a solvent. The increase of the mole ratio
of TEA to Zn(acac)2 favoured the formation of bigger densely
packed ZnO spheres. Doubling themolar ratio of TEA to Zn(acac)2 in
the presence of ethanol favoured the formation of huge spherical
aggregates (>3 mm) assembled from fine and uniform ZnO nano-
particles (~20 nm).

The morphology and final particle size of obtained ZnO were
dependent on the polarity of the solvent used. The presence of
small polar molecules of ethanol in addition to TEA favoured the
aggregation of big and densely packed ZnO spheres of regular
shape. The results of XRD analysis show that for the same



Fig. 7. Characteristic parts of the FT-IR spectra of samples E1, ET3, ET4, ET6, ET8 (left panel) and samples O1, OT3, OT5, OT6 (right panel).
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experimental conditions the change of solvent from ethanol to
octanol caused a reduction in the ZnO crystallite size. The results of
size-strain analysis indicate the presence of size anisotropy.

Together, TEA and octanol can provide a steric barrier between
ZnO particles, which allows a stable dispersibility of the suspension
without precipitation. Therefore, at the mole ratio [TEA]/
[Zn(acac)2] ¼ 1:1 the precipitation of ZnO particles was delayed (it
occurred after 24 h of ageing), whereas at the mole ratio [TEA]/
[Zn(acac)2] ¼ 2:1 the precipitation of ZnO was completely absent
during 72 h of ageing.

Appendix A. Supplementary data

Supplementary data related to this article can be found at http://
dx.doi.org/10.1016/j.jallcom.2015.08.200.
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