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Abstract: The massive production of nanostructures with controlled features and high surface area
is a challenging and timely task in view of developing effective materials for sensing and catalysis.
Herein, functional ZnO nanostructures, named microflowers (MFs) have been prepared by a facile
and rapid chemical bath deposition. ZnO MFs show an intriguing sheets-composed spheroidal shape,
with diameters in the range 0.2–2.5 µm, whose formation is achieved by a complexing action by F
in an aqueous solution of zinc nitrate hexahydrate and hexamethylenetetramine. The evolution of
the physical and structural properties of the material, following post-deposition thermal annealing,
has been investigated by scanning electron microscopy (SEM), energy dispersive X-ray analyses
(EDX), photoluminescence (PL) and X-ray diffraction (XRD) techniques. The effectiveness of ZnO
MFs in UV detection has also been tested to account for the potentiality of these nanostructures.
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1. Introduction

The synthesis of advanced materials via aqueous solution represents a solid route for the fabrication
of high-quality thin films and nanostructures [1,2]. Such techniques allow a number of advantages
such as a low-temperature process, simple laboratory setup, relatively high growth rate and costs
containment [1,2]. Among all, the chemical bath deposition (CBD) is one of the most used and
studied methods for the synthesis, in particular, of functional metal chalcogenides and oxides [1,3–5].
In CBD, the nucleation and growth of the material typically take place within a precursor solution,
allowing a great versatility: the particular composition of the chemical bath strongly affects the
morphology of the material as well as the solution pH, temperature, reagent concentrations and
duration of the synthesis. All of these parameters, easily controllable, have effects on the shape and the
physico-chemical properties of the grown structures [6–11]. A shining example of the development of
CBD is the wide variety of zinc oxide (ZnO) nanostructures achievable via this method, spanning from
nanorods to nanowalls, from nanotubes to nanoplates [8,10,12–15]. In the last 20 years, a remarkable
interest has been generated by ZnO nanostructures [16,17] because of the unique combination of
material properties and nanotechnology, enabling a variety of applications, as in sensors and in
electro-optical devices [17–22].

ZnO is biocompatible and abundant in nature and its production through CBD is sustainable
from the economic and environmental points of view [17,23,24]. The CBD of ZnO nanostructures on
substrates ensures high rate and uniformity over the whole area of the samples [10,12,25]. Among
the many advantages, the use of a substrate allows the creation of arrays of ordered and aligned
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nanostructures, as in the case of ZnO nanorods, as well as the easy selective deposition, as in the
case of ZnO nanowalls growing only on aluminum-covered areas [8,11,21]. The CBD allows also the
substrate-free synthesis of ZnO nanopowders, consisting of nanostructures homogeneously nucleated
in solution, highly promising for scaling up and for all applications requiring a massive fabrication of
nanostructures [26–28].

In the present work, CBD is developed to obtain ZnO microflowers (MFs), an open-structure with
extended and highly reactive surface area. The ZnO MFs are composed of very thin sheets organized
to form a spherical structure characterized by a large surface-to-volume ratio, representing a key-factor
in sensing mechanisms. In particular, ZnO MFs have been demonstrated to be a key element in the fast
detection of UV light.

2. Materials and Methods

Starting from the well-known chemical system based on an aqueous solution of zinc nitrate and
hexamethylenetetramine (HMTA) [10], the production of ZnO microflowers is attained by CBD, adding
ammonium fluoride to the bath. This specific approach is presented here for the first time (to the
best of our knowledge). A total of 50 mL solutions of zinc nitrate hexahydrate (Zn (NO3)2 × 6 H2O,
purum p.a., crystallized, ≥99%, Sigma-Aldrich, Italy) 25 mM, HMTA, ((CH2)6N4, puriss. p.a., Reag.
Ph.Eur., ≥99.5%, Sigma Aldrich, Italy) 25 mM and ammonium fluoride (NH4F, ≥99.99%, Sigma-Aldrich,
Italy) 16 mM, were placed in thermostatically-controlled bath at 90 ◦C. Each solution was prepared
separately with deionized water (MilliQ, 18 MΩ cm). Once the thermal equilibrium is reached in each
one, the three solutions were mixed in a large beaker, and, after five minutes, a white-color precipitate
occurred, containing the ZnO MFs. It is worth reporting that several experimental attempts have shown
that the mixing of the three reagents as heated solution represents a key step for ensuring a uniform
synthesis of MFs. Other procedures, as the mix of all the reagents before heating or the late addition of
NH4F, have given rise to the formation of variegated nanostructures. Figure 1a summarizes the one-pot
synthesis of ZnO MFs. The growth solution was then transferred to Eppendorf tubes, the precipitate
was separated by centrifugation (10 min, 9000 rpm) and washed four times with deionized water. A part
of the obtained product was deposited by spin coating (60 s, 1000 rpm), on a silicon substrate for the
characterization of the as-grown material. The powder of MFs was then annealed at 350 ◦C for 1 h in N2.
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Figure 1. (a) Schematic synthesis diagram of the 3D flower-like hierarchical ZnO microstructures; (b) 
SEM image of as-grown MFs; (c) SEM image of a single MF and corresponding EDX elemental maps. 

3. Results and Discussion 

Figure 1b shows the SEM image of the as-grown MFs. It can be noted that these spheroidal 
structures, with diameters ranging from 200 nm to 2.5 µm, are actually composed of auto-assembled 
nanosheets with a common nucleus. In order to investigate the chemical composition of the 
structures, MFs placed on an Si substrate were characterized by EDX analysis. Figure 1c shows the 
SEM image of a single as-grown MF and its corresponding EDX elemental-maps. The results 
confirmed the obvious presence of zinc and oxygen, evidencing also some fluorine traces. The SEM 
micrograph of MFs annealed at 350 °C is reported in Figure 2a. Comparing the morphology of 
as-grown and annealed MFs (Figures 1b and 2a, respectively), it seems that the shape of the 
structures does not undergo any variation. On the other hand, the elemental composition after 
thermal treatment is slightly different. The EDX spectra shown in Figure 2b reveal that the traces of 
fluorine disappear after the annealing at 350 °C for 1 h. Structural variations are confirmed by XRD 
analysis: Figure 2c shows XRD patterns of as-grown and annealed samples and, as expected [29,30], 
the crystal quality significantly improves after the thermal treatment, revealing the typical 
hexagonal ZnO structure. 

The effect of annealing on the room temperature photoluminescence spectra is shown in Figure 
2d. The PL spectrum of annealed MFs exhibits a peak centered at 386 nm, attributed to the near band 
edge- emission from the recombination of free excitons [31,32], and a broad band in the visible 
region (450–700 nm), coming from the radiative recombination involving defect states [9]. The room 
temperature-PL spectrum of the as-grown ZnO MFs shows only a weak and broad emission band at 
around 400 nm. 

Figure 1. (a) Schematic synthesis diagram of the 3D flower-like hierarchical ZnO microstructures;
(b) SEM image of as-grown MFs; (c) SEM image of a single MF and corresponding EDX elemental maps.
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The material was characterized by different techniques, including scanning electron microscopy
(SEM, Gemini field emission SUPRA 25 Carl Zeiss, Germany) equipped with energy-dispersive
X-Ray spectrometer (EDX), X-Ray diffraction (XRD, AXDS D5005 Bruker Italy, Cu Kα radiation,
λ = 1.542 Å) and photoluminescence spectroscopy (PL) using He-Cd laser (λ = 325nm) as excitation
source. Room temperature electrical measurements were conducted on annealed ZnO MFs deposited
by spin coating (60 s,1000 rpm) on Au interdigitated electrodes (IDE) with three fingers for each
electrode (200 µm long, spaced 20 µm each other), realized on a glass substrate by using a conventional
photolithography method.

3. Results and Discussion

Figure 1b shows the SEM image of the as-grown MFs. It can be noted that these spheroidal
structures, with diameters ranging from 200 nm to 2.5 µm, are actually composed of auto-assembled
nanosheets with a common nucleus. In order to investigate the chemical composition of the structures,
MFs placed on an Si substrate were characterized by EDX analysis. Figure 1c shows the SEM image of
a single as-grown MF and its corresponding EDX elemental-maps. The results confirmed the obvious
presence of zinc and oxygen, evidencing also some fluorine traces. The SEM micrograph of MFs
annealed at 350 ◦C is reported in Figure 2a. Comparing the morphology of as-grown and annealed
MFs (Figures 1b and 2a, respectively), it seems that the shape of the structures does not undergo any
variation. On the other hand, the elemental composition after thermal treatment is slightly different.
The EDX spectra shown in Figure 2b reveal that the traces of fluorine disappear after the annealing at
350 ◦C for 1 h. Structural variations are confirmed by XRD analysis: Figure 2c shows XRD patterns of
as-grown and annealed samples and, as expected [29,30], the crystal quality significantly improves
after the thermal treatment, revealing the typical hexagonal ZnO structure.
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Figure 2. (a) SEM image of MFs after annealing treatment at 350 °C in air for 20 min, (b) EDX 
analyses of as grown and annealed MFs, (c) XRD patterns of as grown and annealed MFs and (d) PL 
spectra of the same samples. 

The experimental results suggested that the as-grown MFs, coming from a quasi-immediate 
homogeneous nucleation in solution, consist of zinc compounds that are totally transformed in ZnO 
only after the annealing process. Studies on growth kinetics (not shown), conducted by taking 
samples from the solution at different times (30, 60, 120, 180, 300 s), have shown that the size of the 
diameter of MFs is not a linear function of the growth time evidencing a non-uniform nucleation in 
the bulk solution. In aqueous solution the zinc salt dissociates and the Zn2+ ions form a complex with 
six water molecules [Zn(H2O)6]2+ [10]: 
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Figure 2. (a) SEM image of MFs after annealing treatment at 350 ◦C in air for 20 min, (b) EDX analyses
of as grown and annealed MFs, (c) XRD patterns of as grown and annealed MFs and (d) PL spectra of
the same samples.
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The effect of annealing on the room temperature photoluminescence spectra is shown in Figure 2d.
The PL spectrum of annealed MFs exhibits a peak centered at 386 nm, attributed to the near band
edge-emission from the recombination of free excitons [31,32], and a broad band in the visible
region (450–700 nm), coming from the radiative recombination involving defect states [9]. The room
temperature-PL spectrum of the as-grown ZnO MFs shows only a weak and broad emission band at
around 400 nm.

The experimental results suggested that the as-grown MFs, coming from a quasi-immediate
homogeneous nucleation in solution, consist of zinc compounds that are totally transformed in ZnO
only after the annealing process. Studies on growth kinetics (not shown), conducted by taking samples
from the solution at different times (30, 60, 120, 180, 300 s), have shown that the size of the diameter
of MFs is not a linear function of the growth time evidencing a non-uniform nucleation in the bulk
solution. In aqueous solution the zinc salt dissociates and the Zn2+ ions form a complex with six water
molecules [Zn(H2O)6]2+ [10]:

[Zn(H2O)6]
2+ + H2O � [Zn(H2O)5OH]+ + H3O+ (1)

On the other hand, the hexamethylenetetramine (HMTA) molecules undergo decomposition or
protonation processes:

(CH2)6N4 + 6 H2O � 6 HCOH + 4NH3 (2)

NH3 + H3O+ � NH4
+ + H2O (3)

(CH2)6N4 + H3O+ � [(CH2)6N4]H+ + H2O (4)

In a heated aqueous bath containing both Zn(NO3)2 and HMTA, the latter and the as-formed
NH3 act as ligands coordinating the Zn2+ ions and control the concentration of free zinc ions present
in solution [10]. Therefore, under chemical bath deposition conditions, zinc nitrate and HMTA
typically produce high-quality nanorods of ZnO since the equilibria established in solution promotes
an anisotropic growth along the (0001) direction (for nanorods nucleated both homogeneously in
solution and heterogeneously on a substrate) [5,10,12]. Variation of the precursor composition and the
addition of effective complexing agents enable the synthesis of different morphology [14,15,33]. NH4F
also dissolved in water:

NH4 F + H3O+
→ NH4

+ + F− (5)

NH4
+ + H2O→ NH3 + H2O (6)

Simple considerations lead to affirm that the formation of micro-flowers takes place in a slightly
acidic environment. As reported in ref. 10, the aqueous solution containing only zinc nitrate is acidic
(pH =4.2) while the presence of HMTA, due to its strong pH regulation activity, stabilized the pH value
around at 5.7. Such value is reasonably little changed by the addition of NH4F solution. The formation
of the microflower structure may be associated to mechanisms similar to those extensively reported
in the literature for other two-dimensional zinc-based nanostructure, resulting strongly dependent
on the solution chemistry [4,30,34,35]. The layered basic zinc salts (LBZS), for example, are species
characterized by a lamellar structure, with high surface area, that, under particular conditions of
synthesis [36], represent an intermediate phase of the formation of ZnO in solution. A particular
ZnO sheets-like nanostructure is represented by nanowalls [8,30,37,38] that is commonly generated
in a zinc salt-based aqueous solution using an Al-covered substrate. It was observed that the Al has
a significant role in generating the morphological shape of the nanowalls through the Al(OH)4

− species,
forming in solution. Al(OH)4

− promote the lateral growth of Zn-based nanostructure by binding the
Zn2+ terminated planes and obstructing the growth along the (0001) direction. This is also confirmed
by the fact that the growth rate and the quality of ZnO NWLs are affected by the generation rate of
Al(OH)4

− [8,37,38]. Post-annealing processes were demonstrated to convert the as-grown nanowalls in
pure ZnO [30]. In our case, the bath composition and the duration of the synthesis lead to the formation



Chemosensors 2019, 7, 62 5 of 9

of microflowers, amorphous layered structures, as revealed by the structural and morphological
analyses (Figure 2). It is reasonable to assume that the presence of ammonium fluoride favors the
formation of the microflower-structure in the same way as the aluminium promotes the creation of
the nanowall-structure. Wang et al. [33] have studied the conditions for varying the morphology of
ZnO nanostructures grown by chemical precipitation, by tuning the Zn2+: OH− ratio in the precursor
solution and modifying the amount of NH4F used as complexing agent and pH adjuster. Moreover,
many authors reported the use of NH4F for the formation of Zn(OH)F [36,39]. In particular, Yamabi
et al. [38] have conducted a comprehensive study on the growth of wurtzite film of ZnO in aqueous
solution. They have investigated the effect of different ammonium salts (NH4F, NH4Cl, NH4NO3

and (NH4)2SO4) as complexing agents in the growth of wurtzite zinc oxide, observing a stronger
coordination of F− to Zn2+ than in the case of the other counter anions. They reported that an acidic
pH condition of the solution favors the precipitation of zinc hydroxides considered a metastable
phase. On the other hand, at pH <7.8 Zn2+ ions can coordinate with F− anions, affecting the growth
processes in solution. It may be the case of our study in which the fluoride ions F−, attaches to the Zn2+

terminated planes of the growing structure, as revealed by the traces of fluoride in the as-grown MFs
in EDX analysis (Figure 2b), validating the role of fluoride as complexing agent in engendering the
nanosheets. During thermal annealing, F leaves the MFs most probably forming volatile HF by using
protons of OH species.

The CBD of MFs offers a number of advantages. The synthesis is substrate-free, low cost and
fast. Furthermore, we calculated a material yield of at least 10 g of MFs powder per liter of solution,
confirming the great potential of such approach for high-volume productions. The MFs, by virtue
of their morphology, offer a very large exposed surface area, turning out to be structurally ideal
for a number of applications especially those whose performances are greatly increased by high
surface-to-volume ratios, as in sensors. As described in the literature, the photo-detection mechanism
in ZnO structures is essentially based on the absorption–desorption of atmospheric oxygen occurring
at the surface that causes a change in the conductivity of ZnO. The width of ZnO exposed area and the
nature of the native defects in ZnO (as zinc and oxygen vacancies) were proven to have an important
role in defining the UV-sensing performance [9,16,40].

As a proof of concept, the ability of ZnO MFs in detecting UV light was analyzed by simply
dispersing the annealed MFs on gold microelectrodes and collecting their electrical response under
UV illumination. The Figure 3a,b reporting the SEM micrograph in tilted view of MFs spun on
Au IDE, reveal that MFs agglomerates actually act as bridge for the Au fingers in several region of
IDE. Indeed, the current-voltage characteristic of ZnO MFs, between −1 V and 1 V, showed a ohmic
behavior (not shown). In order to investigate the electrical response of the sample under UV exposure,
measurements of the current over time were carried out, applying a constant bias voltage of 1 V.
The sample was illuminated by a 250 W tungsten halogen lamp containing a UV component (albeit
weak) while a long-pass yellow filter was used for blocking radiation with wavelength lower than
500 nm. In Figure 3c, the current output is reported: at the beginning, the sample was in dark condition
and a stable current of 1.05 ± 0.03 nA is detected. After 80 s, the lamp was turned on and the current
started to exponentially increase followed by an exponential decrease when the light is turned off,
at the time of 220 s. In order to exclude a possible contribution to the increase of the photocurrent due
to the absorption of the green part of the lamp spectrum, the sample was illuminated by the halogen
lamp filtered by the long-pass yellow filter and no current variation was detected with respect to the
dark condition. The response (τresponse) and reset (τrecovery) times of the system were extracted from
the exponential fit of the photocurrent rise and decay curves:

τresponse = 47 s ± 0.5 s

τrecovery = 51 s ± 0.5 s
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under a bias voltage of 1V. 
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In summary, a high-yield, low-cost, fast and easy chemical bath synthesis of Zn-based 
microflowers, spheroidal mesoporous structures with high surface-to-volume ratio, is reported. The 
formation of the particular layered structure of the MFs is ascribed to the complexing action of 
fluoride. Morphological and structural analyses showed that the amorphous as-grown 
nanostructures are transformed in pure ZnO, maintaining the same shape. The UV response of ZnO 
MFs was tested and the results clearly confirm that ZnO MFs are promising low-cost nanostructures 
for the construction of UV sensors. 
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Figure 3. (a,b) SEM micrograph in tilted view of annealed MFs on a gold IDE at different magnification.
(c) Photocurrent response to the light exposure (halogen lamp with UV component) under a bias voltage
of 1 V.

The above results are in agreement with the value ranges reported in the literature [40–43]. The slow
response to UV illumination is partially determined by the desorption kinetics of the atmospheric
oxygen molecules induced by UV photons [40,41]. At ambient conditions, oxygen molecules were
absorbed in correspondence with oxygen vacancies at ZnO surface. Under UV light, electron–hole
pairs are created, the holes migrate to the surface causing the oxygen desorption while the unpaired
electrons are collected to the anode with an increase of the photocurrent. When the UV illumination
is turned off, the initial condition is restored with a gradual current decay [44]. The wide surface
area offered by the MFs is a fundamental advantage, being the UV detection a surface mechanism.
Further tests will be needed in order to deeply investigate the response of the ZnO MFs to UV exposure
and to identify the factors affecting the sensing performance (concentration of initial MFs dispersion,
geometry of IDE, detection area, ohmic contacts and so on).

4. Conclusions

In summary, a high-yield, low-cost, fast and easy chemical bath synthesis of Zn-based microflowers,
spheroidal mesoporous structures with high surface-to-volume ratio, is reported. The formation of the
particular layered structure of the MFs is ascribed to the complexing action of fluoride. Morphological
and structural analyses showed that the amorphous as-grown nanostructures are transformed in pure
ZnO, maintaining the same shape. The UV response of ZnO MFs was tested and the results clearly
confirm that ZnO MFs are promising low-cost nanostructures for the construction of UV sensors.
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and EDX analyses, V.S., M.G.G., S.M. (3) electrical characterization, V.S., M.G.G., (4) PL characterization, S.M.,
(5) XRD analyses, V.S., M.G.G.; methodology: S.M., V.S., M.G.G.; formal analysis: V.S., S.M.; writing—original
draft preparation, V.S., M.G.G., S.M.; writing—review and editing, S.M., V.S., M.G.G., E.C.
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