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Highly Efficient and Reproducible Sonochemical Synthesis

of ZnO Nanocrystals

Ambra Fioravanti,*® Mauro Mazzocchi,™ Pietro Marani,”! Francesca Pedrielli,®
Maria Cristina Carotta,’” Michele Sacerdoti,” Maria Carmen Valsania,” and Sara Morandi*™*

Sonochemical synthesis can be a facile, fast, efficient, versatile
and economical way to prepare a large variety of conventional
or novel nanostructured materials (metallic, magnetic, semi-
conducting, polymeric, etc.). In this work, zinc oxide nano-
crystals were synthesized by irradiating and heating at 90°C in
a commercial ultrasonic bath a water solution of zinc nitrate
hexahydrate and ammonia solution or hexamethylenetetramine
as base catalysts. The evolution of the powder morphology and
its crystalline structure were investigated at different times of

Introduction

Zinc oxide (ZnO) is one of the most studied, synthesized and
attractive material both in research and industrial areas. The
reason is certainly the wide range of intrinsic properties
combined with its aptitude for being easily grown in different
structures and nanostructures, increasing even more the variety
of its functional properties.” It is a direct wide band-gap
(3.37 eV) semiconductor with n-type conductivity due to
intrinsic stoichiometric defects, generally oxygen vacancies, and
it has a high exciton binding energy of 60 meV, ensuring both
an efficient excitonic emission and an ultraviolet luminescence
at room temperature (RT). ZnO is also transparent to visible
light and can be obtained with high conductivity by doping.?*
Its common and stable phase at ambient conditions is
hexagonal wurtzite, which consists of alternating planes of 0*~
and Zn’" ions tetrahedrally coordinated, stacked alternately
along the polar c-axis. The tetrahedral coordination in ZnO
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ultrasonic irradiation (0-9 hours) and compared with those of
samples obtained by only heating the solutions in a muffle
furnace in order to enlighten the growth mechanism. It resulted
that: i) the crystal morphology depends on the selected base, ii)
for samples obtained by using ultrasounds, the homogeneity of
the powders depends on the irradiation time, iii) by comparing
all samples obtained at 7 hours of heating, the aspect ratio of
the crystals is higher for those that also underwent to
ultrasounds.

results in non-centrosymmetric structure giving to zinc oxide
also piezoelectric and pyroelectric properties. It is character-
ized by a non-toxic nature, antibacterial properties, and
generally low-cost production at relatively low temperatures.”

Additionally, it can be prepared by exploiting several
physical and chemical methods,*® obtaining a large family of
0, 1, 2 or 3-dimensional structures. Consequently, besides the
conventional applications, novel ones resulted in optoelec-
tronics, hybrid solar cells, sensors, biomedical field, foods, but it
is also broadly used as an additive in several materials or
products (plastics, ceramics, glass, cement, lubricants, paints,
etc.).P

Over the last few decades, several studies were performed
with the aim to control the morphology during crystal growth,
confirming its strict correlation with the material final
properties." At the same time, a great interest in exploring
new synthesis methods to prepare nanomaterials is docu-
mented, for example by using hydro or solvo-thermal
synthesis,”” microwave'™ and/or ultrasonic assisted routes.'®
The last mentioned preparation technique, also known as
sonochemical synthesis, takes advantage to apply high intensity
ultrasounds to the synthesis solution. The ultrasonic waves
(frequency range 20 kHz-15 MHz) do not directly interact with
chemical species, but generate acoustic cavitation in the liquid.
This process involves the formation, the growth and the fast
(few ps) implosive collapse of bubbles in the liquid, producing
rapidly and locally extreme temperature and pressure con-
ditions followed by a fast cooling. Therefore, the collapse of
bubbles promotes high velocity inter-particle collisions, which
can be used in material synthesis."’"'¥ In the literature, many
sonochemical syntheses were reported and successfully carried
out obtaining a multitude of different single and compound
materials,”” including ZnO.*" Various works reported ZnO
sonochemical synthesis, in which the commonly used zinc
precursors were zinc nitrate hexahydrate, zinc chloride, and zinc
acetate dihydrate. As base catalysts to obtain alkaline environ-
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ment ammonium hydroxide (NH,OH), sodium hydroxide
(NaOH) and hexamethylenetetramine (HMTA) were typically
selected. Often, ZnO syntheses were performed with the
exploitation of seeds, surfactants and templates.****! However,
another advantage in sonochemical synthesis is the unneces-
sary use of seeds, surfactants and templates.””

This work aims to investigate the effects of ultrasounds on
the ZnO crystallization, growth and morphology without seeds,
surfactants and templates addition. The same zinc precursor,
zinc nitrate hexahydrate, water as medium and two different
base catalysts (NH,OH or HMTA) were used. Firstly, two ZnO
were obtained by heating in a muffle furnace for 7 hours the
mixtures at a temperature of 90°C. The thermal treatment
conditions were chosen from literature to obtain directly ZnO
without requiring the calcination process.”>*® Those were made
as reference samples with the purpose to compare them with
ZnO materials obtained through combined thermal and ultra-
sonic treatment for which the morphology and crystalline
structure were investigated at different treatment times (0-
9 hours).

Results and Discussion

For the sake of clarity, the essential information about the
samples is summarized in Table 1, while in the experimental
section further details on the synthesis procedures and
characterizations are described. In the following, the sample
names as reported in Table 1 refer to powders obtained with a
treatment of 7 hours, whereas in case of different treatment
duration, the time is specified after the sample name.

By comparing the yield of the synthesis in which the
treatment time was 7 hours, it was observed that it is higher for
materials obtained through ammonia solution with respect to
those obtained by using HMTA as catalyst. The effect of
ultrasounds in both cases increased the yield, in particular for
HMTA synthesis, for which it resulted almost doubled. The
Specific Surface Areas (SSAs) of the samples were similar, with a
value slightly higher for ZnO_1HU. Figure 1 shows the morphol-
ogy of ZnO_1H and ZnO_2H powders.

In both cases, the materials appear as a series of micro-
crystals with hexagonal section. The homogeneity in shape and
dimension was better for ZnO_1H, in which there is a
predominance of single crystals and only few aggregates in
flower structure. The opposite situation is evident for ZnO_2H
sample, in which crystals with different dimensions mainly
aggregate in flower structure. For ZnO_1H the average length

#4Zn0_1H

Figure 1. SEM images of ZnO_1H and ZnO_2H, obtained in muffle furnace.

of micro-crystals is about 5 pm and the average diameter about
300 nm, thus a mean aspect ratio of 17. In ZnO_2H, the micro-
crystals have an average length of about 2 um and an average
diameter of about 400 nm, thus a mean aspect ratio of 5.
Furthermore, only the hexagonal micro-crystals in ZnO_1H end
with pyramidal tip at both sides. This is related to a rapid
depletion of Zn ions, leading to the formation of incomplete
structures with a needle-like tips.”” In Figure2 and 3 SEM
images (indicated as 7 hours) of the samples prepared in
ultrasonic bath from the same synthesis with NH,OH and
HMTA, respectively, are shown. Additionally, these figures
contain the images of the powders at progressive time of
sonication, from 0 to 9 hours.

It has to be reported that, only after the addition of NH,OH,
the transparent solution containing zinc nitrate hexahydrate
becomes cloudy. The first image of Figure2 shows the
morphology of solid ZnO precursor that forms almost immedi-

Table 1. Sample name and basic information: base used, instrument in which samples are treated, treatment time, yield of the synthesis and Specific
Surface Area (SSA) of the powders.

Sample name Base Treat.at 90°C in Treat. time (h) Yield % SSA (m%/q)

ZnO_1H NH,OH Muffle furnace 7 90 114

ZnO_1HU NH,OH Ultrasonic bath 7 94 13.3

ZnO_2H HMTA Muffle furnace 7 30 11.0

ZnO_2HU HMTA Ultrasonic bath 7 55 10.9
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Figure 2. SEM images for the synthesis with NH,OH at different sonication time, from 0 to 9 hours.

ately after the addition of NH,OH at RT and therefore before
ultrasonic treatment. The pH rapidly reached the value of 10.5,
due to the quick dissolution of NH,OH that makes available the
hydroxide ions. In particular, the material is made of rhombic
sheets with diagonals of few pum, a crystalline habit consistent
with that of €-Zn(OH),. After 5 minutes of ultrasonic treatment
at 90 °C (second image of Figure 2), the number and dimensions
of sheets decrease and small needles with hexagonal section
appear. This suggests a partial dissolution of €-Zn(OH),, which
becomes complete after 15 minutes (third image of Figure 2),
and a direct crystallization of ZnO needles, i.e. one of ZnO
characteristic shapes.”” In the case of HMTA addition at RT (pH
of 7.5), the solution starts to become cloudy and a white
precipitate begins to form only after 10 minutes in ultrasonic
bath at 90°C. As observed by Matheson, the thermal decom-
position of HMTA into formaldehyde and ammonium hydroxide
occurs as the solution temperature increases.”®* The second
image of Figure 3 shows the morphology of the precipitate:
micro-crystals not homogeneous in size, but with hexagonal
section, suggesting a direct precipitation of ZnO. No other
structures are displayed in the image, indicating no extra solid
phases. Looking at the crystals shown in SEM images of Figure 2
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and 3 for samples at 15 minutes of sonication, a sharp
discontinuity in the central region of the crystals is evident. For
both materials, the study of the morphology evolution at
increasing sonication times leads to the following results: i)
there is no formation of crystal aggregates, for example in
flower structure, irrespective to the sonication time and base; ii)
the shape homogeneity of the powders increases with
sonication time: iii) the aspect ratio of the crystals increases
with sonication time due to a simultaneous lengthening and
width reduction; iv) the sonication time of 7 hours yields the
best shape homogeneity and the highest aspect ratio. These
observations are in agreement with previous findings which
showed that: i) for short sonication times, solutions and
precipitants are not mixed uniformly and the generated crystals
from the solution are irregularly shaped and of various sizes; ii)
as sonication time increases, crystal sizes decrease and become
more uniform; iii) prolonged sonication time improves mixing
and prevents crystals from aggregating.“g]

Looking at the crystal sizes more in details, for ZnO_1HU
the average length of micro-crystals is about 6 um and the
average diameter about 150 nm, thus a mean aspect ratio of 40.
In this synthesis, the average sizes of the starting crystals are
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Figure 3. SEM images for the synthesis with HMTA at different sonication time, from 0 to 9 hours.

1.5 um and 500 nm with aspect ratio of 3. In ZnO_2HU, the
micro-crystals show an average length of about 2 um and an
average diameter of about 100 nm, thus a mean aspect ratio of
20. In this synthesis, the average sizes of the starting crystals are
1 um and 200 nm with aspect ratio of 5. Focusing the attention
on ZnO_1HU (SEM image in Figure 2) the pyramidal tips are
appreciably longer than those of ZnO_1H (Figure 1). By
comparing the crystal shape as a function of the used base, it
can be noted that also in the case of ultrasound irradiation, the
NH,OH promotes the growth of needles with hexagonal section
and HMTA of hexagonal prisms. Despite the increasing number
of research works devoted to understand the role of HMTA in
the ZnO synthesis, the debate is still open. Among the
proposed roles,”®**? in this case it is reasonable to assign to
HMTA the role of OH™ source.

Finally, considering the samples at 9 hours of ultrasonic
treatment, the homogeneity decreases and a partial fragmenta-
tion of the crystals becomes evident. This could be due to
collisions between crystals and/or interaction between shock-
waves and crystals (sonofragmentation) as described by Kim
and Suslick."
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The values of unit cell parameters and the crystallite sizes
obtained from the XRD patterns of the four compared powders
are reported in Figure 4 and Table 2, respectively. XRD analysis
showed a hexagonal wurtzite structure (space group P6;mc)
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Figure 4. XRD patterns of the four ZnO samples.
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Table 2. Values of unit cell parameters (a, ¢, and volume Vol., Bragg R factor Rg) and crystallite size (C.S.) calculated with Williamson-Hall method. The
estimated standard deviations are reported in parentheses and they refer to the last digit of the value.

Sample a(h) c(d) Vol. (A% Rs C.S. (nm)
ZnO_1H 3.25013(3) 5.20792(7) 47.641(1) 2.23 51
ZnO_1HU 3.25079(2) 5.20911(6) 47.672(1) 2.72 40
ZnO_2H 3.24989(2) 5.20621(5) 47.619(1) 2.81 52
ZnO_2HU 3.25061(3) 5.20774(6) 47.654(1) 342 53
JCPDS No. 36-1451 3.249 5.206 47.62 - -

irrespective of the synthesis procedure and in good agreement
with the ZnO standard (JCPDS, card No. 36-1451). No extra-
neous peaks in the diffraction patterns were recorded; there-
fore, no other crystalline phases are present in any sample. The
crystallite sizes are similar in all samples except for ZnO_1HU,
which is 10 nm lower, in agreement with SSA values. Taking
into account peaks (100) and (002) singularly and applying the
Scherrer's equation,®¥ it comes out that the crystallites in
samples grown in muffle furnace have the same size in the two
normal directions. Differently, in samples prepared by ultra-
sounds irradiation the crystallites are more extended in the
direction normal to (002) plane to form platelets with
hexagonal base.

XRD analysis performed on ZnO_1HU - 1 hour and ZnO_
2HU - 1 hour confirmed only ZnO phase with hexagonal
wurtzite structure. Furthermore, also the crystalline phase of
solid ZnO precursor after the addition of NH,OH at RT before
the ultrasound irradiation was investigated confirming that it
corresponds to zinc hydroxide &-Zn(OH), with orthorhombic
structure, space group P2,2,2,, as expected.

To better understand the growth mechanism of ZnO
mediated by the ultrasounds at early stages, TEM analysis was
performed on samples after 15 minutes of treatment. As
example, in Figure 5 TEM and high resolution (HR)-TEM images
of the sample ZnO_2HU-15 minutes are reported. In Figure 5B
the planes normal to [001] direction are clearly observable. TEM
analysis confirms the direct crystallization of ZnO in the solution
containing HMTA and precipitation of ZnO after dissolution of
€-Zn(OH), when NH,OH was used. Additionally, HR-TEM micro-
graphs allow to observe the crystalline planes in the central
region of crystals after 15 minutes of ultrasound treatment. As
reported above, in this region there is a visible morphological
discontinuity (see SEM images in Figure 2 and 3), but crystalline
planes shown by HR-TEM image (see as example Figure 5B) put
in evidence no lattice discontinuity and no structural defects.
This could be explained by considering a normal twinning,*”
involving the plane (OOOT) already reported in Dana’s Series of
Mineralogies.>

Taking into account the above discussed results and the
chemical reactions to form ZnO in alkaline environment
reported by Xu and Wang,®® it is possible to describe the
growth mechanisms of the obtained powders:

Zn* 4+ 20H" = Zn(OH), )

ChemPlusChem 2024, 89, €202400005 (5 of 7)
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Figure 5. TEM (A) and HR-TEM (B) images of the sample ZnO_2HU -
15 minutes (instrumental magnification: 25 and 600 kX, respectively). Image
B shows the central region of the crystal.

Zn(OH), + 20H™ = [Zn(OH),]*" )
[Zn(OH),J*” = Zn0O,*” + 2H,0 3)
Zn0,> +H,0 = ZnO + 20H" (4

In the syntheses performed in the present study, Zn-
(NO,),*6H,0 provides Zn>" ions, while bases NH,OH and HMTA
are the source of OH™ ions. The interaction between these ions
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causes zinc hydroxide precipitation, while successive trans-
formation to zinc oxide could follow two processes: i) ZnO
precipitation after the dissolutions of &-Zn(OH), or ii) the direct
in situ crystallization of ZnO (i.e. phase transition). The predom-
inant mechanism influences the morphology and depends on
the solution pH and other growth conditions. In general, at low
pH value €-Zn(OH), does not dissolve and the predominant
mechanism is direct phase transition, whereas at high pH value
£-Zn(OH), dissolves with a subsequent ZnO precipitation.”” The
last is clearly the case of synthesis with NH,OH, for which the
formation of €-Zn(OH), and its consecutive dissolution boosted
by temperature and ultrasounds together with ZnO precipita-
tion was observed.

From the morphological and structural characterizations, it
can be supposed that hexagonal platelets are the initial growth
crystalline units, according to observations by Katarapu et al..*
Crystallite, after nucleation, usually develops into a macroscopic
crystal with well-defined crystallographic faces which are
related to different crystal planes that generally show differ-
ences in growth rate. In ZnO, Laudise®” firstly observed the
relationship between growth rates in different directions that is:
Viooo1] > Viori] > V[orto] > Vforn] > ¥[ooo]- The higher the growth

rate, the more energetically favored the growth in the related
direction. In ZnO, vertical growth represents the preferential
growth direction, which it is responsible of the most probable
rod shapes. Moreover, it is reasonable to associate the presence
of pyramid terminations (NH,OH) to a faster growth with
respect to that of prismatic shape (HMTA). Considering the
growth rates, in particular those related to preferential direction
Viooo1] > V[ooot]- the expected ends in a ZnO crystal should be a

pyramid and a pyramid with pedial termination.®® For prepared
powders with needle shape the crystal terminations are two
similar pyramids, confirming the presence of a normal twinning,
involving the plane (000T), in the middle region of the crystal,
as mentioned above.

After the acceleration of nucleation and growth, at the
increase of treatment time ultrasounds promote erosion of the
crystal surface, producing other crystal units available for
further growth of the crystals, but in the preferred direction:
this explains increasing aspect ratio in crystals from 0 to
7 hours.

Conclusions

Four zinc oxide nanocrystalline samples were successfully
synthesized without calcination directly by heating at 90°C, or
by heating at 90°C and irradiating in a commercial ultrasonic
bath an aqueous solution containing zinc nitrate hexahydrate
and a weak base. The evolution of the powder morphology and
its crystalline structure were investigated at different times of
ultrasonic irradiation (0-9 hours) and compared with samples
obtained only by heating the solutions in a muffle furnace
allowing highlighting the effect of ultrasound and understand-
ing the growth mechanism. The main results are: i) the crystal
morphology depends on the base, ii) for samples obtained by

ChemPlusChem 2024, 89, €202400005 (6 of 7)

using ultrasounds the homogeneity of powders depends on
time of irradiation, iii) use of ultrasounds avoids crystal
aggregation, iv) by comparing all samples obtained at 7 hours
of heating, the aspect ratio is higher for those which also
underwent to ultrasounds.

The ZnO nanocrystal sonochemical synthesis resulted easy,
highly efficient, economic and reproducible, making it an
industrially viable solution. Furthermore, by changing the
sonication time, the size and aspect ratio of the crystals could
be tuned. Therefore, it certainly represents an advantageous
way to prepare ZnO or ZnO based materials and it can be
convenient also for the preparation of other oxide nano-
powders.

Experimental Section

Four ZnO powders were obtained from the slight adjusting of ZnO
synthesis described in previous papers.®* All syntheses started by
dissolving zinc nitrate hexahydrate Zn(NO;),*6H,0,(>99.0% Sigma-
Aldrich) in deionized water. A weak base dissolved in water solution
was then added to catalyze hydrolysis at room temperature. In case
of ammonium hydroxide (NH,OH water solution, Carlo Erba
Reagents) the solution reached the pH of 10, for hexametilenetetr-
amine (HMTA, Sigma-Aldrich) the solution pH was 7.5. Mixtures
were then treated at 90°C measured in muffle furnace (Lenton) for
7 hours or in a commercial ultrasonic bath (37 KHz, Elmasonic
S120H) up to 9 hours. Powders were filtered by gravity, washed
several times with deionized water and dried at 70 °C for 8 hours in
oven. The yields reported in Table 1 represent average yields
calculated on eight syntheses for each sample. The SSAs were
evaluated by applying the Brunauer—Emmett-Teller (BET) method
to adsorption/desorption isotherms of N, at —196 °C obtained with
a Micromeritics ASAP 2010 physisorption analyzer. Morphological
characterization of the samples was performed by Field Emission
Scanning Electron Microscopy (FE-SEM) using a Carl Zeiss Sigma
microscope working at 3.00 kV. Due to the small amount of
crystallized material at early stages of growth in sonicated solutions,
the samples were collected on a filter paper directly dipped into
the mixture. Moreover, a High Resolution Transmission Electron
Microscope (HR-TEM) model Jeol JEM 3010 (300 kV) equipped with
a LaB, filament was used to examine crystalline planes arrangement
in the central region of the samples at 15 minutes of sonication
treatment. Samples were deposited on a copper grid, coated with a
porous carbon film. Digital micrographs were acquired by an
Ultrascan 1000 camera and the images processed by Gatan digital
micrograph. Crystalline structures were evaluated through Rietveld
analysis of X-ray diffraction (XRD) patterns collected over the range
20=10°-100°, with steps of 0.02° and 2 s of dwell time obtained
with a Bruker D8 Advance diffractometer (Cu K radiation, 40 kV,
40 mA). FullProf (release 2021) is the software used for Rietveld
analysis.?” Average crystallite sizes (C.S.) were calculated with the
Williamson-Hall method™” and reported in Table 2, while Scherrer’s
equation was used to evaluate crystallite dimensions along specific
crystallographic directions in particular those related to the peaks
(100) and (002).
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