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A B S T R A C T

Zinc oxide nanoparticles were successfully synthesized under precipitation processes, using ZnSO4⋅7H2O as a Zn2þ

precursor and K2CO3 used as a basic source, and hydrozincite was obtained as an intermediary, which was treated
under two procedures; first procedure involved multiple stages to get final precipitated with NaOH, and in the
second procedure the hydrozincite was straightforwardly dried at 220 �C. By both processes ZnO structures were
obtained, which were turned into nanoparticles by a solvothermal treatment, for four hours in ethylene glycol at
200 �C. The final products for the first procedure was conglomerate of spherical nanoparticles with sizes ranged
between 5–10 nm and dispersed ellipsoidal nanoparticles for the second procedure.

Apart off the two procedures mentioned above, another synthesis was carried out with the same Zn2þ precursor
but now using NaOH, and the solvothermal treatment produced ZnO mixed micro-structures which under ul-
trasonic cavitation disaggregated on mesoporous ZnO nanoplates of hexagonal shapes with nanopore sizes of
approximately 0.35 nm. All ZnOs synthesized were structurally characterized with XRD, TEM and FT–IR tech-
niques, and electronically with UV–Vis absorption and diffuse reflectance spectroscopies.
1. Introduction

In recent decades, Zinc oxide has attracted attention in many appli-
cation fields based on its nanomaterials, specifically its nanoparticles
(ZnO NPs) [1, 2, 3, 4, 5, 6] and one-dimensional (1–D) nanostructures
such as nanotubes, nanoclips, nanowires and nanorods [7, 8, 9, 10]. The
synthetic routes of nanomaterials involve many physical and chemical
parameters that directly influence the size, shape, morphology and
conglomeration-dispersion [11, 12, 13, 14, 15]. In this regard, a wide
variety of Zn2þ salts have been used as precursors in basic media to
produce ZnO NPs under precipitation methods [16]. The ZnSO4⋅7H2O
salt stands out for being low cost, easily soluble in water and suitable for
many syntheses methods without other pretreatments [17, 18, 19].
Concerning the basic media, the Zn2þ precursors have been reacted with
aqueous solutions of strong bases (NaOH, LiOH and KOH), tuning the
morphology of the nanoparticles in different ways [20, 21, 22, 23, 24, 25,
e).
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26], or using weak bases (NH4OH, urea and Na2CO3) to generate
outstanding achievements in morphology, size distribution and disper-
sion [27, 28, 29].

The synthesis of ZnO in alkaline media is strongly dependent on the
Zn2 þ/OH molar adjustment [30]. As literature described, with a 0.5 M
ratio of ZnSO4/NaOH, the Zn(OH)2 precipitate first originates rapidly
and is then converted to ZnO by a hydroxide catalyzed process; if the
molar ratio is below 0.5, basic zinc sulfate is precipitated, while no
precipitate forms if there is not enough base to raise the pH (>12) [31].
Although pH is a determining factor to produce ZnO NPs, it should be
taken into account that the intrinsic characteristics, that is, morphology
and yield also depend on parameters such as temperature, reaction time
and mixing procedures of the initial reagents.

To obtain ZnO NPs with homogeneous morphologies and tuned size
distributions, the solvothermal and hydrothermal processes have proven
to be successful [32]. Generally, these treatments have been carried out
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using autoclave systems with different salts of Zn2þ mixed with alcoholic
solvents, water, and usually aided with organic templates as surfactants
at temperatures between 100-350 �C [33, 34, 35, 36, 37]. Thus, new
morphologies and structures are achieved under controlled pressure and
temperature, which are not usually feasible to obtain at room tempera-
ture. The type of solvent in these treatments also affect the ZnO NP
shapes as has been reported by Goshal et al. [38], using mixtures of
ethylene glycol (EG) and ethanol, producing a gradual change in the
shape nanoparticles from ellipsoidal to spherical, while increasing the
volume of EG, since this solvent acts as a stabilizing agent, restricting the
growth and suppressing the NPs agglomerations [39]. Furthermore, EG
reduces the diffusion rate Zn2þ ions helping the small NPs production
since it has a high viscosity and weaker ionic strength compared to water
[40].

On the other hand, another approach to produce ZnO NPs involve the
conversion of micrometric size into smaller dimensions under ultrasonic
irradiation, due to nucleation and crystal growth on established ZnO
microparticles, resulting in new granular surfaces and reproducible
nanostructures [41]. The phenomenon responsible is cavitation, in which
liquids are rupture and form vapor bubbles if the liquid pressure is
decreased beyond a critical tension. Ultrasonic cavitation is very effective
in breaking particle agglomerates. The shock force that takes place dur-
ing the cavitation process, added to high local temperatures, can break
the nanoparticle clusters, therefore, the dispersion obtained is the
consequence of micro-turbulence caused by fluctuations of pressure and
cavitation [42, 43]. For example, this process has been used in ZnO NPs
modification with Mg2þ ions under strong sonication to tune the band
gap amplitude [44]. Sharifalhoseini et al. [45] used the ultrasonic cavi-
tation to improve the morphology of the ZnO nanostructure, applying
direct (high intensity in a horn system) and indirect sonication (low in-
tensity ultrasonic bath) yielded flowers and stars nanoparticles,
respectively.

Considering the above mentioned, we study precipitation methods
to produce ZnO NPs by solvothermal treatment enhancement,
focusing on the influence of the basic strength of the precipitating
agents. Three syntheses were evaluated to improve the ZnO NPs
dispersion, using ZnSO4⋅7H2O as Zn2þ precursor and NaOH or K2CO3
as precipitating agents. Synthesis I involved the precipitation with
NaOH, originating ZnO microstructures. On these structures, ultra-
sonic irradiation was applied to turn the micrometric phase into
nanometric structures, producing nanoporous hexagonal grating
nanoplates. In synthesis II the precipitation was carried out with
K2CO3, by several intermediary reactions, producing ZnO which under
solvothermal treated, yielded small spherical ZnO NPs in agglomera-
tions. Synthesis III also involved K2CO3 but avoiding some interme-
diate steps concerning to the second route, producing ellipsoidal ZnO
NPs without agglomerations.

The ZnO structures were fully characterized by spectroscopic tech-
niques (X-Ray diffraction, FT-IR, reflectance and UV-Visible absorption)
and by TEM microscopy, confirming the size and distribution in each
case, highlighting the small ZnO NPs from the second and third synthesis
in promising applications as semiconductors [4, 46, 47]. As well as the
nanostructures produced from ultrasonic cavitation endowing the
nanomaterials with a high degree of porosity [48], enhancing their
reactivity for catalysis [49], energy conversion [50, 51], among other
types of applications [52].

2. Experimental procedures

2.1. Reagents

All reagents were purchased fromMerck and Sigma-Aldrich and were
used without further purification; nanopure water was used in every
procedure required.
2

2.2. Zinc oxide precursors synthesis

2.2.1. Synthesis I
25 mL of 0.050 M aqueous solution of ZnSO4⋅7H2O were stirred and

heated in a round bottom flask. Once the temperature was raised to 80
�C, 25 mL of 0.10 M aqueous NaOH solution were added under constant
stirring. The mixture was kept four hours under constant stirring and
temperature (80 �C). The white precipitate obtained was centrifuged,
washed several times with water and dried at 220 �C for six hours in an
oven.

2.2.2. Synthesis II
In the same way as in the first synthesis, the Zn2þ precursor solution

(25 mL of ZnSO4⋅7H2O 0.050 M) was stirred and heated to 80 �C, then 25
mL of 0.15 M aqueous K2CO3 solution were added under constant stir-
ring. During four hours, the mixture was kept under stirring at 80 �C and
a white precipitate was observed. It was filtered, washed several times
with water and dried at 80 �C. Then, 25 mL of 7.0 M aqueous acetic acid
solution were added, and the mixture was stirred for 15 min; then, the
solvent was removed by evaporation. The obtained solid was dissolved in
50 mL of an ethanol/water (1:1) mixture and precipitated using 25 mL of
0.10 M NaOH. The white solid precipitate was centrifuged and washed
with deionized water several times and was dried at 220 �C for six hours
in an oven.

2.2.3. Synthesis III
It was carried out in the same way as the first stage (K2CO3 precipi-

tation) of the second synthesis, and the filtered and washed white pre-
cipitate was straightforwardly treated at 220 �C in an oven for six hours.

2.3. ZnO NPs by solvothermal treatment

Each of the solids obtained in the previous syntheses were suspended
separately in an EG:water (10:1.0 mL) mixture in a round bottom flask
and kept under constant stirring at 80 �C; then, the suspension was
transferred to a stainless steel reactor and treated with solvothermal
synthesis for six hours at 200 �C. The obtained nanoparticles were
cleaned several times with water and acetone and dried at 80 �C.

2.4. Bath and probe ultrasonic treatments

In the case of the first synthesis (considering solvothermal treatment),
ZnO microstructures were obtained, therefore, to disaggregate these
microstructures into nanoparticles, ultrasonic treatments were applied
using bath processes and an ultrasonic probe.

For the bath, three separately ethanol-suspension samples were ul-
trasonically irradiated for 15, 30 and 60 min, respectively. For ultrasonic
probe processes, three separately ethanol-suspension samples were
treated for 30, 60 and 90 min, respectively.

2.5. Characterization techniques

The structural characterization of all samples was performed using a
SIEMENS D 5000 X – Ray diffractometer (Cu Kα, λ¼ 1.5418 Å, operation
voltage 40 kV, current 30 mA). Fourier transform infrared (FT-IR) spectra
of all samples were measured using a Jasco FT/IR – 4600 equipment in
the region of 4000–400 cm�1, from samples prepared in KBr pellets.
Characterization by UV-Vis spectroscopic was performed using a Thermo
Scientific evolution 220 model spectrophotometer; all UV–Vis absorption
spectra were recorded for different ZnO samples in ethanol, in a range of
210–750 nm. Band gaps from each ZnO powders were determined using
diffuse reflectance UV-Vis spectra recorded between 200-800 nm, at 200
nm/min scan rate using a Jasco V-750 spectrophotometer with an inte-
grating sphere (Spectralon reference tile cap). Reflectance measurements
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were transformed to absorption spectra using the Kubelka-Munk func-
tion. Morphological characterization was carried out with a Hitachi
HT7700 high-resolution transmission electron microscope. All samples
were previously suspended in absolute ethanol and dropped on a TEM
grid and left to dry at room temperature.
Figure 1. X-Ray diffraction of the ZnO obtained from A. Zincite PDF 36–1451
and synthesis: B. I, C. II and D. III.

Figure 2. X-Ray diffraction of the ZnO obtained from synthesis I.
3. Results and discussion

3.1. Synthetic procedures of intermediates and final products

The three synthetic routes performed to obtain ZnO were successfully
carried out. The ZnO obtained from the first and second routes was
washed with deionized water to remove some impurities and then was
dried at 220 �C. In the case of the third route, the heating of hydrozincite
at 220 �C straightforwardly provided the formation of ZnO.

In synthesis I, the precipitation process started immediately when
NaOH was added to the Zn2þ solution. According to the literature, the
precipitated white powder corresponds in a first stage to Zn(OH)2 in-
termediate, but as soon the pH increases, it becomes ZnO [53, 54, 55,
56]. The general reaction of this synthetic procedure can be described by
the following equation:

ZnSO4 ⋅ 7H2OðacÞ þ 2NaOHðacÞ → ZnOðsÞ þ Na2SO4ðacÞ þ 8H2OðlÞ

In this synthesis it is proposed that Zn(OH)2 would have undergone a
fast phase transformation into ZnO during the precipitation process
which is supported by at least three mechanisms that could explain this
transformation: dissolution-reprecipitation, in situ crystallization and/or
transformation of solid–solid phase; all of them have been observed for
example, throughout the synthesis stages of ZnO hydrothermal micro-
flowers [57].

Synthesis II was carried out with K2CO3 and Zn2þ solutions obtaining
hydrozincite (Zn5(CO3)2(OH)6) as a product, which stoichiometrically
blends Zn(OH)2 and ZnCO3 in a 3:2 ratio. Then, the hydrozincite was
treated with acetic acid producing the precursor of Zn(CH3COO)2,
turning carbonate anion into carbon dioxide and also solubilizing
Zn(OH)2. The following equations are proposed to represent the chemical
processes in accordance with the X-Ray diffractograms obtained (vide
infra).

5ZnSO4 ⋅ 7H2OðacÞ þ 5K2CO3 ðacÞ →Zn5ðCO3Þ2ðOHÞ6 ðsÞ þ 3CO2 ðgÞ

þ5K2SO4 ðacÞ þ 32H2OðlÞ

Zn5ðCO3Þ2ðOHÞ6 ðsÞ þ 10CH3COOHðacÞ → 5ZnðCH3COOÞ2 ⋅ 2H2OðacÞ

þ2CO2 ðgÞ þ 6H2OðlÞ

The next stage involved hydrolysis of Zn(CH3COO)2 in ethanol/water
adding NaOH. This process might incorporate many chain reactions
leading ZnO formation. A zinc acetate complex [Zn4O(CH3COO)6] could
probably be obtained and then produced a Zn5(OH)8(CH3COO)2 inter-
mediary, which decomposes to ZnO as pH increases [58]. Two main
chemical reactions can be related to this process, namely: (1) hydrolysis;
where zinc acetate complexes react with NaOH, originating tetrahedral
zinc hydroxide complexes with different coordination [Zn(OH)n]2�n, and
(2) condensation; where zinc hydroxide complexes react again with zinc
acetate complexes generating Zn – O – Zn bonds [59]. The following
equations are suggested to represent ZnO formation as was identified by
X-Ray experiments.

5ZnðCH3COOÞ2 ⋅ 2H2OðacÞ þ 8NaOHðacÞ → Zn5ðOHÞ8ðCH3COOÞ2 ⋅ 2H2OðacÞ

þ 8CH3COONaðacÞ

Zn5ðOHÞ8ðCH3COOÞ2 ⋅ 2H2OðacÞ → 5ZnOðsÞ þ 2CH3COOHðacÞ þ 5H2OðlÞ

Synthesis III was carried out in the same way as the previous synthesis
but avoiding multiple steps. That is, by mixing CO3

2- and Zn2þ,
3

hydrozincite was also obtained, which straightaway turned into ZnO
during the drying process at 220 �C. This behavior allows us to suggest a
possible decomposition of hydrozincite, as previously identified by dif-
ferential thermogravimetric analyses for the solid phase transformation
of Zn5(CO3)2(OH)6, where the main mass loss occurred at 220 �C due to a
simultaneous decomposition of ZnCO3 and Zn(OH)2 [60]. According to
this description, the equations shown could then summarize the third
synthesis route performed.



Figure 3. X-Ray diffraction of the ZnO obtained from synthesis II.

Figure 4. X-Ray diffraction of the ZnO obtained from synthesis III.
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5ZnSO4 ⋅ 7H2OðacÞ þ 5K2CO3 ðacÞ →Zn5ðCO3Þ2ðOHÞ6 ðsÞ þ 3CO2 ðgÞ
þ 5K2SO4 ðacÞ þ 32H2OðlÞ

Zn5ðCO3Þ2ðOHÞ6 ðsÞ →
Δ
5ZnOðsÞ þ 2CO2 ðgÞ þ 3H2OðgÞ

Zinc oxides obtained by the three syntheses described were subse-
quently undergone to solvothermal treatments to yield ZnO NPs. Before
the treatment, all samples were suspended and heated at 80 �C in an EG/
water mixture, to suppress and control the crystal growth in the sol-
vothermal stage and to facilitate ZnO dispersion. Solvothermal treatment
was the final stage in each synthetic route, where temperature, time and
pressure were the key factors to induce the formation of nanoparticles in
the case of synthesis II and III. Conversely, from the synthesis I ZnO
microstructures were obtained.
3.2. Characterization by powder X-Ray diffraction

The X-Ray diffractograms of ZnO samples obtained from the sol-
vothermal processes in the three synthetic routes are compared in
Figure 1. Here, similar XRD patterns corresponding to the zincite phase
are observed compared to PDF 36–1451. The three diffractograms agree
with the hexagonal wurtzite structure with a ¼ 3.250 Å and c ¼ 5.207 Å
lattice parameters [46]. As can be seen, no other crystalline peaks related
to other phases of zinc oxide were found, confirming that all synthesis
routes provide the desired ZnO. Concerning to the peak intensities, the
diffractogram of synthesis I exhibits the highest intensities in contrast
with C and D diffractograms, therefore, in synthesis II and III the ZnO
structures formedmight have sustained size decrease, suppressing crystal
growth to yield nanostructures.

Figures 2, 3, and 4 show all diffractograms obtained from the three
synthetic routes at every single stage. Figure 2 corresponds to X-ray
diffractograms associated with Zn2þ straightforward precipitation with
NaOH (synthesis I). All recorded XRD patterns are the same, confirming
that the ZnO hexagonal wurtzite lattice (PDF 36–1451) is preserved
throughout the whole process. Also, an interesting featuring is observed
in the peak at 36.039 (2θ) which substantially increases at each stage,
which may be related to crystal growth of the ZnO structure which is
concomitant to plane 101.

The diffractograms of synthesis II are shown in Figure 3. The first
stage of precipitation (Zn2þ and K2CO3) results in hydrozincite, since the
lattice parameters are related to the monoclinic cell centered with a ¼
13.58 Å, b ¼ 6.280 Å and c ¼ 5.410 Å, accordingly to PDF 19–1458 (see
Figure S1 in supplementary data). The second stage exhibits
Zn(CH3COO)2 reflections (PDF 01–0089) without specific lattice as-
signments, suggesting the presence of zinc acetate intermediaries layers.
The third (NaOH addition) and fourth (solvothermal treatment) stages
show diffractograms very similar among them and similar to Figure 2,
therefore, the signals are attributed to ZnO wurtzite lattice.

In the first stage for synthesis III (Figure 4), the diffractogram exhibits
a structural phase of hydrozincite. In the second stage (drying process),
the precursor shifted to ZnO, showing the hexagonal structure of the
wurtzite. This behavior could be associated with a substantial amount of
hydrozincite should have decomposed through drying process at 220 �C.
Here, wide reflection peaks are observed, suggesting a mixture of ZnO
nanostructures and/or some absorbed carbonate anion. The third stage
exhibits a similar ZnO wurtzite lattice compared to the other sol-
vothermal synthetic routes; however, the widening peaks withdraws
considerably suggesting a change of ZnO morphology obtained by this
synthesis compared to the others.

To confirm whether the widening of the peaks is due to the excess
carbonate used (1.0:3.0 mol ratio of Zn2þ/CO32-), another synthesis
was performed using less excess carbonate (1.0:1.2 of Zn2þ/CO32-). The
obtained diffractogram patterns (see Figure S2 in supplementary data)
were the same compare to those obtained using high excess carbonate,
indicating that residual carbonate is a consequence of the synthesis itself



Figure 5. FT-IR spectra (short wavenumber scale) of ZnO obtained after sol-
vothermal treatment from synthesis: (a). I, (b) II and (c) III. Original spectra
(blue lines) and deconvolution spectra (green lines).

D. Navas et al. Heliyon 6 (2020) e05821
and not from the amount of carbonate used. A possible explanation could
be related to the temperature used to promote hydrozincite decomposi-
tion which may be insufficient to allow the conversion of all CO32-.
3.3. Vibrational and electronic characterizations

The short-wavenumber scale FT-IR spectra of ZnO obtained are
exhibited in Figure 5. The long scan (4000–400 cm�1) spectra are
depicted in supplementary data (Figure S3). The 400–1000 cm�1 region
presents the ZnO characteristic IR absorption peaks. The three spectra
were deconvoluted to identify the Zn–O vibrations, displaying the same
features in the region from 400 to 600 cm�1; the strong bands observed
around~420 and 447 cm�1 correspond to Zn–O vibrations, similar to the
reported FT-IR spectra of ZnO NPs [61]. The broad band ~514 cm�1

could be associated with oxygen deficiency and/or oxygen vacancy (OV)
defect complex in ZnO [62]. Additionally, some ZnO vibrational modes
appeared to be shifted accordingly with the synthetic route used. Since
every bond in ZnO NPs have some different strength degree, mixed wide
band vibrations are a consequence of this unusual kind of bonds at
nanometric scale [45].

On the other hand, UV–Vis spectra were recorded for ZnO structures
and shown in Figure 6. All spectra show a maximum absorption peak
relates to the large exciton binding energy of ZnO NPs [63, 64]. These
peaks are registered at 373, 363 and 360 nm for synthesis I, II and III,
respectively. In the spectrum obtained from synthesis III, in the wave-
length region of 200–360 nm, a different absorption profile can be
observed compare to another two spectra. Since carbonate anion has
absorption at this wavelength [65], this feature could be attributed to
presence of residual carbonate, as it was explained in the X-Ray dif-
fractogram of this sample, in relation to wide peaks observed.
Figure 6. UV-Vis absorption of ZnO NPs f
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Furthermore, another interpretation might be attributed to effect of
quantum confinement for small nanocrystals, which originates the exci-
tonic absorption band located in between 260-267 nm [66].

The absorption peak of the bulk ZnO should be recorded around 385
nm, therefore, considering the blue shift of all the spectra shown, the
synthesized ZnO particles could be in the quantum regime [67].

The absorption red – shifted of the ZnO obtained from synthesis I in
comparison with the absorptions obtained from synthesis II and III, could
be indicate the presence of microstructures as described in detail in TEM
section. In order to identify the optical band gaps of the samples, diffuse
reflectance studies in the UV – Vis region were carried out in solid state,
since the optical band gap values can be extracted from powder semi-
conductors without any ambivalence [68]. Figure S4 of the supplemen-
tary data exhibits the [F(R)hν]2 vs photon energy graphs from each ZnO
NPs synthesis. The calculated optical band gaps in all cases are around
3.20 eV, evidencing the band gap decline compare to bulk ZnO which
averages 3.4 eV [69]. This behavior is attributed to lattice structural
atom-packing defects that are featured in the powder; these intrinsic
defects are associated to negative and positive oxygen vacancies, that are
located approximately �0.2 eV below the conduction band according to
literature [70]. In our case this might be related to synthesis procedures
and conditions, considering that the different stages performed since the
precipitation, the surfactant templates absence, drying processes and
solvothermal treatment could have contributed some lattice defects
sources during the growth process originating a higher level of surface
oxygen vacancies as a consequence of higher surface area to volume ratio
for smaller NPs [71, 72].

Considering that the nanometric sizes from the absorption and
reflectance measurements are not corroborated, TEM experiments show
conclusive evidence of the ZnO NPs produced by syntheses II and III as
described in the next section.
3.4. Characterizations by transmission electron microscopy (TEM)

TEM images of the ZnO structures obtained from the three syntheses
are depicted in Figure 7 with the corresponding histograms to designate
one or two dimensions (length: L and W: wide) according to the shape of
the ZnO structure analyzed.

From synthesis I (Figure 7 (a)), TEM images show ZnO micro-
structures without a defined morphology were obtained. In particular,
the Figure exhibits two microstructures that might have been formed
through a nanorods self-assembly mechanism, generating multi-size
blending structures aligned through the 101 plane direction. Prob-
ably, in this synthesis the sizes and morphologies of the structures
differ to small a degree throughout the process, since from the pre-
cipitation stage a tendency of morphology elongation is adopted, on a
scale of micrometric size, accordingly to TEM images before the sol-
vothermal process (see Figure S5 in supplementary data). Therefore,
this synthesis yields ZnO microstructures in the first stage due to a fast
transformation from Zn(OH)2 to ZnO aided with NaOH, where appar-
ently solvothermal treatment offers a minimum advantage for nano-
particles formation.
rom synthesis: (a) I, (b) II and (c) III.



Figure 7. TEM images of ZnO structures obtained from synthesis: (a) I, (b) II and (c) III. All dimensions bars represent 100 nm length. Histograms of ZnO from
synthesis: (d) I, (e) II and (f) III, according to every micrograph.
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TEM image of ZnO structures obtained from synthesis II (Figure 7 (b))
shows ZnO NPs with spherical morphology organized into a large
agglomeration. The corresponding histogram shows the size distribution
of these ZnO NPs, where predominant diameters are around 5 nm.

TEM image corresponding to synthesis III (Figure 7 (c)) shows ZnO
NPs with variable morphology and size, in ellipsoidal shapes, with widths
between 5-15 nm and lengths between 8-30 nm approximately, with the
presence of some nanorods. In this case, agglomeration is less pro-
nounced compared to the previous synthesis.

In order to elucidate how the hydrozincite precursor of synthesis III is
transformed into nanoparticles, a sequence of TEM images was recorded
before solvothermal treatment (see Figure S6 in supplementary data). At
first somewrinkled overlapped hydrozincite layers were observedwith g-
C3N4/ZnO nanosheets resemblance [73]. Once the drying process was
performed, the nanorods/nanoparticles mixing phase was observed,
suggesting the transformation of hydrozincite layers. Then, solvothermal
treatment yielded well-dispersed nanoparticles from the nanorods,
reducing time, and avoiding multiple steps compared to synthesis II.
According to the literature, the synthesis of ZnO NPs with many Zn2þ

precursors and (NH4)HCO3 produce the hydrozincite phase, following a
100 �C drying process and calcination at 500 �C [74], therefore, the
synthesis used here could be proposed as solvothermal treatment
enhanced to produce ZnO NPs at low work temperatures.
6

3.5. Ultrasonic treatments – TEM characterizations

With the aim to disaggregate possible nanostructures assembled from
ZnO microstructures obtained by synthesis I, ultrasonic treatments were
carried out on these micrometric ZnO samples dispersed in ethanol.
Treatments consisted of undergo the samples to ultrasonic bath and also
to ultrasonic probe for different times as the experimental section
described.

With ultrasonic bath treatment, after 15 min it was observed that the
microstructures remain but there are also spherical disaggregates. On a
small scale, spherical nanoparticles with diameters ~20 nm were clearly
identified together with surprising morphology comprising a central
concavity or inner grill (see Figure S7.1; supplementary data). The
sample treated for 30 min did not have an important percentage of
breaking up and only a few structures in crumbling process were iden-
tified with diameters of 50 nm or more (see Figure S7.2; supplementary
data). After 1 h of bath ultrasonic, no disaggregates were obtained, but it
was possible to identify a hexagonal shape with sides of irregularly
dimensioned between 20-45 nm (see Figure S7.2; supplementary data).

Smaller structures produced from the ultrasonic bath can probably be
generated by an erosion process of the microstructure from the energy
applied from ultrasound, promoting break up of some crystal planes
yielding hexagonal layers and/or the polishing of micrometric structures



Figure 8. TEM images of ZnO hexagonal structures obtained from the synthesis I then of probe ultrasonic treatment for 30 min. Hexagonal plaquettes appear in (a),
and these starts to break up when are exposed to the TEM electron beam (b). Before breakup, a porous structure in (c) with pore diameter close to 0.35 nm (d) was
observed. Scale bars are 20nm (a-b) and 10nm (c).
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to produce pseudospherical shapes. Apparently, more ultrasonic bathing
time could generate disaggregation and agglomeration processes,
without resulting in nanoparticles formation.

Using ultrasonic probe treatments for 30 min, microstructures remain
but disaggregates of hexagonal porous nanoplates with sides ~28 nm of
length are observed (Figure 8 (a, b)). The degradation of ZnO hexagonal
nanosheet material was observed, when the material was exposed to the
electron beam of TEM microscope, using an accelerated voltage of 120
kV for the electron beam, as shown in Figure 8b. Applying 60min, porous
laminar disaggregates without defined outlines were also observed and
in the treated sample for 90 min, appear a clear hexagonal layer with 20
nm sides (Figure S7.3; supplementary data).

Figure 8 shows a TEM micrography of hexagonal nanoplates as a
nanosheet containing nanopores of approximately 0.35 nm. This meso-
porous material could be obtained by various methods of synthesis [75].
In our case the method employed comprises an economical precipitation
synthetic route that leads into a mesoporous material enhanced with the
combination of solvothermal treatment and ultrasonic irradiation pro-
cesses, where the exfoliation of mixed ZnO microstructures leads to
smaller nanoparticles with high porosity degree. Previous works have
reported ZnO nanosized mesoporous materials made under different
basic precipitation methods, using different zinc salts as the starting
material, but most of them have a distinctive characteristic; the calci-
nation process as the final stage [76, 77, 78], implying that high tem-
peratures are responsible for the formation of these materials. The
method described here differs from all of them by lacking a calcination
process, but using ultra cavitation processes the same effect is accom-
plished, could be the predominant factor in the formation of mesoporous
on ZnO surfaces. Therefore, this synthetic route couple to the ultrasonic
process is a new and simple way to obtain mesoporous materials of ZnO,
which is desirable for example in ultra-active photocatalysis [79], among
other applications.

Similar to the ultrasound bathing, the processes carried out applying
an ultrasonic probe device are also effective in exfoliating ZnO structures
in smaller dimensions, from the microstructures produced by synthesis I.
7

However, in the case of the probe, most of these disaggregates are ob-
tained as nanoplates with hexagonal shapes and with significant inside
porosity, which is attributed to the greater energy provided by this
treatment compared to the bath [80, 81, 82, 83].

According to the results from ultrasonic treatments, in particular by
the probe device, it is important to highlight the smaller structures ob-
tained with a high degree of porosity since these cavities can serve as
nanomaterials with a high surface reactivity, applied in antibacterial
[84], photo remediation of heavy metals [85], inhibition of corrosion
[86] or paper preservation [87].

4. Conclusions

ZnO NPs were synthesized under a precipitation method with a
ZnSO4⋅7H2O source, enhanced with solvothermal treatment in ethylene
glycol. The synthetic route that involves hydrozincite is reported for
the first-time using potassium carbonate as a base and precipitating
agent. Hidrozincite resulted to be an excellent intermediary in order to
control the formation of nanosized zinc oxide material which re-
semblances a lamellar structure that is suitable to multi-step reactions
that can lead to small, spherical and well defined nanostructures, under
200 �C solvothermal treatment. Furthermore, at low working temper-
ature (<220 �C) hidrozincite is converted to mixed nano particles/rods
phase, without the need of calcination processes, avoiding multiple
reactions steps, shifting to disperse ZnO nanoparticles with mayor di-
ameters, with ellipsoidal morphology under solvothermal treatment at
200 �C.

The synthetic route with ZnSO4⋅7H2O and NaOH ended up with
micrometric ZnO structures. Ultrasonic irradiation is responsible to
create an exfoliation degree from ZnO microstructures, resulting in
mesoporous nanoparticles with hexagonal and circular morphologies
exhibiting small nanoporous with grid fashion all over all over the
nanoparticle surface. These structures could show surprising properties
for future applications in biological, catalytic, energy conversion fields,
among others.
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In summary, ZnO NPs were obtained exclusively when ZnO was not
formed during the initial precipitation step, therefore, ZnO NPs synthesis
is highly dependent on pH. The strength of the base might be the driving
force inducing/inhibiting hydrolysis and condensation reactions; being
this factor essential to obtain a good size distribution.
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