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Abstract: Here, we demonstrate for the first time a strategy to self-assemble ZnO nanoparticles
(NP) on a large area by a facile one-step process. First, rough and random ZnO nanocrystals (NC),
were produced by free-stabilizing aqueous synthesis. Therefore, a post thermal treatment at various
temperatures ranging from 80 to 800 ◦C was necessary to obtain size-tunable and photoluminescent
crystalline NP. The fabricated NP had both efficient UV photoluminescence and photocatalytic
activity by photo-degradation of Methylene Blue (MB) dye. The annealed NP showed an absorption
blue shift in the UV region with decreasing size. This shift was attributed to high quantum
confinement effect since ZnO NP diameter reached values lower than the Bohr radius of ZnO
(~2.7 nm). The photocatalytic activity displayed dependency on the particle’s size, number, and
crystallinity. Subsequently, the NP were self-assembled inside poly(methyl methacrylate) (PMMA)
nanoholes. Subsequently, large area substrate of homogenous properties ZnO NP was obtained.
Moreover, the synthesis facility, photoemission and photocatalytic properties of ZnO NP could be a
new insight into the realization of high performance and low cost UV laser devices.

Keywords: photocatalysis; photoluminescence; nanomaterials; ZnO; self-assembly; lab-on-chip

1. Introduction

In recent years, the fabrication of highly luminescent semiconductor nanostructures with an efficient
photocatalytic activity has emerged at the level of science and technology. These semiconducting
nano-scaled systems have received growing interest, due to their optical and electronic properties [1–4].
Moreover, as nanocrystal entities they have enhanced quantum efficiency with a tunable band
gap [5], which enable them to participate in wide fields of applications, favoring catalytic, as well as
optoelectronic operations [6–9]. Among various semiconductor photocatalysts, zinc oxide nanocrystals
are special wurtzite n-type semiconductors that attracted attention, due to their various impressive
electrical and physical characteristics. Precisely, ZnO nanostructures have a direct and wide band
gap (~3.37 eV) besides their high exciton binding energy (60 meV) and rich defect chemistry
structures [10]. They also possess a strong oxidizing power and superior UV emission characteristics,
in addition to high stability and room temperature luminescence [11,12]. These features, allowed by
the large quantum confinement, make them greatly promising and attractive materials for various
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devices, such as ultraviolet photodetectors, photovoltaic devices, sensors, solar cells, laser diodes and
photocatalysts [13,14]. Besides, ZnO nano-objects can be used in several biological activities as they
are biocompatible materials of low toxicity [15].

Nanocrystals (NC) sometimes referred to quantum dots (QD) in the literature, are extremely
ultrathin and highly crystalline semiconductors with restricted 3D motion (i.e., electrons in the
conduction band and holes in the valence band in the 3D of excitons) [16]. When NC size is comparable
to the Bohr radius (Bohr radius of ZnO bulk ranges between 2.34 nm [17], to 3 nm [18]) in a way
that it is too small to match the wavelength of the electrons, its optical properties, as well as the
excitation and emission bands are widely affected. This implies quantum confinement features [19],
which lead to a transition from continuous to discrete energy levels in the absorption spectrum [20].
The band gap of the semiconductor could be shifted, due to the size constraint, creating excitons with
a significant electron-hole binding energy in the excited electronic state [3]. Many synthesis pathways
allowed to fabricate ZnO nanostructures such as: vapor phase oxidation [21], thermal vapor transport
and condensation (TVTC) [22,23], micro-emulsion [24], polyol methods [25], sol-gel method [26,27],
sonochemical or microwave-assisted synthesis [28–31], hydrothermal synthesis [32,33], spray
pyrolysis [34], chemical vapor deposition [35,36], thermal decomposition of organic precursor [37],
direct precipitation [38], double solvothermal method [39], and many other techniques. However,
the majority of these approaches are multi-step and low-throughput processes. Moreover, most of
them involved complex equipment, toxic reactants, such as lithium hydroxide (LiOH) which acts as
explosive [31,40], and deteriorating organic solvents, such as methanol, ethanol, or chloroform- instead
of water. On the other hand, the synthesis of ZnO nanostructures in alcoholic mediums has received
extensive acceptance because of the faster nucleation and growth of NP in such solvents as compared
to water. The latter is also avoided because it facilitates the transfer of the excited charge carriers of the
corresponding NP to the surrounding molecules, leading to its luminescence quenching [40]. Due to
the high surface tension of ZnO NP, several preparation methods are a surfactant-assisted synthesis
that requires capping or stabilizing agents, such as poly vinyl pyridine (PVP), polyethylene glycol
(PEG), etc., in order to obtain small, spherical, and non-aggregated nanoparticles [41,42]. Using these
additives induces a large amount of organic impurities complexing the chemistry of the reaction, and
restricting the accessibility to the nanocrystal surface (bad sensing operations).

Despite the excessive efforts to fabricate ultra-small, efficient catalyst and luminescent quantum
dots in aqueous solutions, no research has so far achieved this performant product of ZnO
nanocrystalline NP, via simple synthesis route and under soft conditions, including temperature,
pressure, time, equipment used, and materials.

Moussodia et al. have modified the ZnO NP surface by the silanization method in order to
obtain a water soluble and stable product useful for biological labels [43]. They covalently linked
the ZnO surface by a PEG-siloxane where the aim of the surface modification was to maintain the
surface luminescence properties of the synthesized ZnO QD that may be striked and destroyed by
the water molecules. However, the initial synthesis was carried out in an alcoholic medium, and the
final obtained product was not absolutely pure as they introduced organic molecules throughout the
fabrication process, in the time homogeneous and pure nanomaterials are needed as a result for various
applications. The organic additives may modify the physico-chemical properties of the synthesized
nanostructures, limiting their applications especially as catalysts and lasers [44].

In another report concerning the fabrication of water soluble ZnO QD, Fu et al. have synthesized
water-stable ZnO QD. The addition of oleic acid and/or diethanoamine (DEA) was indeed to adopt
high stability and water dispersion availability preserving the intensity fluorescence property [45].

In most current fabrication methods, a high temperature procedure, either at high temperature
fabrication process or high temperature post-synthesis treatment of the ZnO is needed for attaining
good quality material [46]. On the other hand, applied science is currently recommending plastics
and flexible electronics [47–49], which emphasizes on the necessity of adapting alternate treatment
processes that ensure the synthesis of well crystalline ZnO nanostructures keeping the temperature at
the low value [50].
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In our research work, small, uniform and highly stable ZnO NP were fabricated by hydrothermal
method using water as a non-contaminating solvent that acts as a self-capping, stabilizing and directing
agent, where the nanocrystals’ shape and size could be controlled. Without the usage of stabilizing,
this method is a promising alternative guide for preparation of pure ZnO NP at a relatively low
temperature using soft conditions. It is simple, green, and high throughput method, in addition to the
good stability and purity of products.

Although, ZnO luminescence has been the subject of studies for several decades where the
mechanisms responsible for many of its emission properties in relation to its photocatalytic activity are
still a matter of discussion. To our knowledge, no reports in the literature have succeeded to aqueously
fabricate highly luminescent ZnO NP with high photocatalytic activities, since the photocatalysis
(PC) and the photoluminescence (PL) are two processes that depend respectively on the separation
and recombination of the photo-induced charge carriers which are competitive mechanisms. In this
paper, we also efficiently describe how polymer self-assembly procedures can be adapted for ZnO NP
synthesis, serving as a model system for other oxide nanostructures hydrothermally synthesized in
water, and the optical characterizations could be successfully attained.

2. Results

2.1. Optimisation of Synthesis

In order to set up the parameters of the synthesis reaction, the photoemission of the prepared
ZnO NP solutions after UV excitation was examined.

Generally, ZnO photoluminescence is marked by two regions, the first is a confined peak
corresponding to the near band edge (NBE) emission in the ultraviolet region of the emission spectrum,
which characterizes the exciton radiative recombination of the electrons and holes, and the second is
a large intense defect level (DL) band in the visible zone [51–53].

This photoemission study aimed to examine the effects of the time and temperature of the reaction
on the structural and optical properties of ZnO nanostructures.

2.1.1. Synthesis Time

For examining the hydrothermal reaction time on the nanostructures of ZnO, the reaction
temperature was fixed at 80 ◦C, and the reaction time was prolonged from 20 min to 1 h where
the UV exciton luminescence of the zinc oxide nanocrystals (ZnO NC) was examined.

The PL measurements of the as-synthesized NC prepared at 80 ◦C during 20 and 60 min showed
no obvious UV emission relative to the exciton luminescence in both conditions. The only observed
peak in the UV region was the Raman signature of the water solvent at ~365 nm (3372 cm−1), while no
emission band for ZnO NP was observed (Figure 1a).
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done at 80 °C for 20 min, (d) sum-up of the reaction temperature conditions to obtain UV-exciton 
emission. 
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Figure 1. UV zone of the photoluminescence spectra of ZnO nanostructures in raw material solution:
(a) Effect of the time of the reaction carried on at 80 ◦C, (b) effect of the reaction temperature on the ZnO
UV-emission lasting for 20 min, (c) effect of annealing at 150 ◦C on the ZnO synthesis reaction done at
80 ◦C for 20 min, (d) sum-up of the reaction temperature conditions to obtain UV-exciton emission.

Therefore, extending the reaction time does not enhance the crystal growth of ZnO nanostructures
to evidence their exciton emission. Energy transfer may be considered as the cause of quenching
the ZnO exciton emission, by which the water molecules could highly react with the NP in the
solution, transforming all the excitation energy between the surface water units to obtain the Raman
scattering, preventing the ZnO electron excitation process, as well as its luminescence. Consequently,
the absence of PL band could be attributed to the overlapping of the Raman of -OH bond with the
exciton of the ZnO NC preventing its luminescence. In addition, ZnO NP are highly charged particles
considered as donors because they normally have luminescence in the UV-Vis region, while water is
considered as an acceptor because it absorbs in the UV-Vis-NIR region. As reported by Meyer et al. and
Dulub et al., electron-hole (e−-h+) pairs are generated in ZnO nanostructures upon UV illumination in
the photoluminescence measurements, where the water molecules are physisorbed on the surface of
particles. The nearby water molecules on each neighboring ZnO nano-object create a hydrogen bond
between them, stimulating the dissociation of water units, which in turn capture these e−-h+ pairs at
the same moment, leading to the decrease in the carrier density in ZnO. As a result, gradual decay of
the current through the charge transfer occurs, preventing the emission of the nanostructures [54–56].
In this context, the major concern in ZnO NC is the diminishing luminescence of the nanoparticles,
due to the effect of the water solvent. Ahn et al. referred this effect to the exchange of the water-ZnO
ionic species at the oxygen defect levels in ZnO NP leading to a slow photo-response [57]. In another
report, Mahamuni et al. and Jin et al. referred the quenching of UV luminescence to the poor crystalline
quality of the as-synthesized nanoparticles [58,59].

In conclusion, the reaction time in our experiments has no considerable effect on building up ZnO
NC to differentiate its photoluminescence in such conditions.

2.1.2. Synthesis Temperature

Since 80 ◦C is lower than the boiling temperature of water (100 ◦C), higher synthesis temperatures
were adjusted in order to decrease the effect of water molecules on the ZnO luminescence. Two curing
temperatures above 100 ◦C (110 ◦C and 150 ◦C) were investigated to test its effect on the luminescence
of the as-prepared nanostructures.

As shown in Figure 1b, increasing the synthesis temperatures allowed us to identify the ZnO
exciton peak. Obviously, it could be identified that by increasing the reaction temperature from 80 to
150 ◦C passing through 110 ◦C, the Raman peak intensity of water decreased while ZnO peak prevailed,
thus the exciton emission became more and more clear. As a result, it could be concluded that the
temperature is a key factor in our reaction, where the effect of adsorbing solvent was less effective
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with increasing temperatures. We also suggest that, temperature increase allows the formation of ZnO
nanostructures of better crystallinity.

Concerning the effect of the reaction time and that of the temperature on the desired reaction,
we found that prolonging the reaction time at 80 ◦C had no significant influence on the characteristics
of the obtained ZnO nanostructures, however raising the reaction temperature had.

Although, it is well known that with increasing hydrothermal temperature and/or time of the
reaction results in unfavorable grain growth of the particles, and increases the average crystalline
size of the reaction products [60]. Yet, the smaller the nanoparticles are, the more interesting they are
in catalysis applications, where the photocatalytic degradation behaviors become more efficient at
smaller sizes by which the active surface atoms increase, triggering the surface to gain much tension,
and therefore offering higher catalytic efficiency [61–63]. For this reason, the obtained ZnO NC at
lower temperatures might be more interesting, dealing with smaller nanostructures. As an indication
of the smaller NC sizes obtained at 80 ◦C temperature reaction is the quenching UV luminescence,
referring to Biju et al. whom they reported that smaller NC will have a higher surface over volume
ratio favoring the quenching effect [64,65].

Thereby, to avoid the exciton emission quenching of small sized ZnO nanostructures synthesized
at 80 ◦C, the bond between the hydroxide of the solvent with the NP should be broken. For this
aim, the solution was heated for one hour at a temperature of 150 ◦C using a regular heating plate.
As a result of the annealing process, the excess solvent was evaporated, thus the quenching effect was
also eliminated. Consequently, the crystallinity of the NP could be enhanced.

PL measurements were applied to the annealed solutions and are shown in Figure 1c.
The emergence of the exciton peak at ~380 nm after post thermal treatment of the samples was
clearly observed. Therefore, the quenching luminescence of the small sized NP synthesized at 80 ◦C
was avoided after post-thermal treatment.

Accordingly, to detect the exciton emission of small ZnO NP synthesized in water, the synthesis
should be adapted by two conditions: Even at a temperature smaller than the normal boiling
temperature of the solvent with a post-thermal treatment (T = 80 ◦C + annealing), or at a temperature
higher than the solvent’s boiling temperature without any further operations.

It is worth to note that the exciton emission of the annealed ZnO synthesized at 80 ◦C showed
the most intense UV peak among others (Figure 1d). This is referred to the fact that the annealing
process promotes the removal of additional complex impurities existing in the solution by transforming
the residual Zn(OH)2 and ZnNO3 complexes into ZnO nanoparticles, increasing the latter’s density
number in the solution. The small red shift in the exciton emission may be due to the slight aggregation
caused by annealing.

In this simple strategy, the characteristics of ZnO NC could be controlled throughout the synthesis
process according to the aimed appliances.

2.2. Structural Properties

To better understand the PL features, the raw powders were extracted by filtration. After washing
with isopropanol, the collected powders were annealed at different temperatures to gain more purity,
to increase the number of the synthesized ZnO nanostructures, and to enhance their crystallinity.
The overall achieved powders were able to be embedded in several solvents, such as water, isopropanol,
ethanol, and others..., depending on the desired application. Tuning the physical and chemical
properties of the fabricated ZnO nanostructures through the chemical reaction synthesis has gained
attention and reported by adapting different ways, such as controlling the ZnO growth using dopants,
or by thermal annealing of the pure ZnO nanostructures [66,67]. This latter is favorable since the
physical and optical properties of the initially synthesized nanostructures could be mainly conserved.
Thus the effect of the annealing process on the as-synthesized ZnO samples was examined.
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Thermogravimetric analysis of non-annealed powders synthesized at 80 ◦C for 20 min, was tested
in order to examine their thermal behavior by probing the thermal decomposition and stability of our
product with temperature.

The TGA profile, shown in Figure 2, shows a continuous loss of weight with five alterations
occurring at approximately 70, 130, 144, 210, and 250 ◦C.
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loss with its corresponding derivative.

Above this value, no loss of mass was observed. Heating up to 250 ◦C results into a loss of mass
of 41% of the total mass of the raw synthesized sample. Therefore, the annealing temperature of 250 ◦C
could be considered as an optimum value for annealing since it provides stable ZnO nanostructures.

On this basis, XRD measurements were performed for ZnO powders synthesized at 80 ◦C and
annealed at various temperatures in order to investigate their structures and crystallinity. Table 1
showed that the raw synthesis product is mainly composed of Zn5(NO3)2(OH)8·2H2O crystalline
structure, which is embedded with only 9% of amorphous ZnO nanoparticles.

Table 1. Percentage of ZnO composition in the raw synthesis product and the lattice parameters (a, b
and c) of ZnO samples before and after annealing at different temperatures.

ZnO Annealing Temperature (◦C) XRD

%ZnO a = b (nm) c (nm)

n/a 9% 0.3313 0.5273
80 10% 0.3248 0.5195

100 30% 0.3252 0.5207
150 75% 0.3251 0.5209
250 99% 0.3247 0.5202
500 100% 0.3246 0.5201
800 100% 0.3243 0.5197

The formation of nanoparticles and the amorphous feature can be attributed to both broadness
and weakness of peak intensities in the 2θ range 10–18 Degree (Figures 3a and A1 of the Appendix B).
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Subsequently, thermal annealing allowed the destruction of Zn5(NO3)2(OH)8·2H2O phase and
a complete disappearance above 250 ◦C giving rise to 100% ZnO nanoparticles. Thus, the ZnO
percentage in the obtained powders increased from 9% without post-thermal annealing into 10, 30, 75,
and 99% for the following annealing at 80, 100, 150, and 250 ◦C, respectively. Moreover, with increasing
the annealing temperature, the amorphous ZnO NP became crystalline, in relation to the appearance
of narrow, intense and periodic peaks, which were attributed to ZnO crystalline nanostructures.

In addition, the ZnO phase displayed the same structure for all the samples. Precisely, the five
observed diffraction peaks after annealing, including (100), (002), (101), (102) and (110), match well the
wurtzite hexagonal structure of the ZnO NP, having predominantly (101) preferred orientation as a
result of minimizing the internal stress and surface energy through this plane [68]. After raising the
annealing temperatures beyond 150 ◦C, no peaks corresponding to impurities were observed in the
patterns, confirming the high phase purity of the samples, due to the deduction of chemical residues
and impurities.

Using Bragg’s law, the lattice constants were assessed from the hkl indices in the XRD spectrum.
The obtained values of “a” and “c” of the different ZnO samples do not correspond to ZnO bulk
structure [68], as shown in Table 1.

Figure 3b illustrates the evolution of the (101) preferred lattice plane of the ZnO nano-objects
(before and after annealing at different temperatures). As the annealing temperature rises, a slight
increase in the 2θ position of the (101) plane was observed with an increased peak intensity, in relation
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to better crystallinity and higher amount of crystalline ZnO nanoparticles oriented at this plane
direction as assessed before.

The crystallite size of the mostly crystalline nanoparticles annealed at 150, 250, 500 and 800 ◦C
depicted in Figure 3c were estimated using the Scherrer Equation (1):

D =
Kλ

β cos θ
, (1)

where D is the crystallite size, K is a numerical factor referred to the crystallite-shape constant (0.94), λ

is the wavelength of the X-rays, β is the full-width at half-maximum (FWHM) for the most intense peak
(101) in radians and θ is the Bragg angle. The crystallite sizes were 35, 50, and 57 nm for the samples
annealed at 150, 250, and 500 ◦C respectively, to reach a size higher than 100 nm, after annealing at
800 ◦C.

The cell volume (v) and the number of atoms per unit cell (n) for the ZnO samples with the
hexagonal form depicted in Figure 3d were estimated using Equations (2) and (3) respectively [69,70]:

V =
3
√

3
2

a2c , (2)

n =
4π

3V

(
D
2

)3
, (3)

As the crystallite size increased, the cell volumes decreased followed by the increase in the number
of atoms per unit cell. These theoretical results are in agreement with the percentage composition
measurements (derived from the XRD) of crystalline ZnO with respect to the complex structures
initially obtained after synthesis.

2.3. Optical Properties

SEM images in Figure 4, for samples shown Figure 3, also confirm the increase of ZnO
nanoparticles size with increasing the annealing temperature. Indeed, without annealing we only
observe the Zn5(NO3)2(OH)8·2H2O microstructure.Catalysts 2019, 9, 162 9 of 25 
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Figure 4. SEM images of the synthesized ZnO nanoparticles: (a) Without annealing and (b–g) annealed
at 80, 100, 150, 250, 500 and 800 ◦C respectively. The scale bar in images (a–c) is 5 µm, (d–f) 500 nm,
and (g) 2 µm.

ZnO nanostructures are very small at this condition (without annealing) and they are embedded
inside. When the temperature increases, Zn5(NO3)2(OH)8·2H2O is decomposed, melted and calcined.
We can observe ZnO as small nano-objects on the surface of melted microstructure in Figure 4b.
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From the Figure 4b until Figure 4g, only ZnO nanoparticles appeared with a continuous size increase
respectively. Precisely, the nanoparticles became gradually more numerous, crystalline and bigger
when annealed up to 250 ◦C. After the excessive increase in the annealing temperatures to 500 ◦C and
800 ◦C, the size further increased, whereas the density of particles started to decrease. This may be
linked to the effect of fusion and coalescence of the nanoparticles at high temperatures. Interestingly,
at 800 ◦C, nanostructures could melt and lead then to the fusion of nanoparticles, ending up in bigger
nanoparticles (larger than 100 nm). At the same time, 500 and 800 ◦C could be high enough to recrystallize
the nanoparticles after melting, retaining the high crystallinity behaviour observed by XRD.

For a better investigation of ZnO photoluminescence characteristics, in addition to SEM, samples
were also observed by TEM. Subsequently, their absorption spectra were then collected by UV-Vis
spectrophotometry measurements. To make it possible, the synthesized powders were dispersed
in water to adapt a suitable environment for characterization with an ultrasonic aid to achieve
un-aggregated and homogeneous nanostructures.

In Figure 5a, the non-annealed sample showed the Zn5(NO3)2(OH)8·2H2O microstructures as
observed and discussed before in the SEM images of Figure 4a.
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Figure 5. (a) Bright field TEM image of the as-prepared ZnO nanoparticles before annealing, (b) TEM
image of the same ZnO sample annealed at 80 ◦C, (c) Diffraction of ZnO NP seen in (b), (d–f) TEM
images of the annealed samples 150, 250, and 800 ◦C respectively. The scale bar in images (a–b) is 5 nm
and in (d–f) is 100 nm.

In this figure, ZnO quantum dots of very small size (<1 nm) appear as black dots doping the
microstructure. After post-thermal treatment at 80 ◦C, the TEM image of the corresponding sample,
shown in Figure 5b, revealed an increase in the crystallinity that was also significant in the crystal
diffraction image in Figure 5c. The as-synthesized and annealed sample at 80 ◦C showed very small
sized particles (<1 nm). Here, we can talk about ZnO nanoclusters. Above 80 ◦C as annealing condition,
the nanostructures started growing until reaching the nanoscale. Thus, the produced nanoparticles
gradually coalesced and aggregated as temperature increased until reaching a large size of ~200 nm at
800 ◦C. These observations are in consistent with XRD and SEM measurements.

UV-Vis absorption (Abs.) measurements were performed on the as-synthesized samples of
Figure 4. Figure 6a shows an absorption band centered at 365 nm for the non-annealed sample, which
is a characteristic peak of ZnO NP (blue shifted with respect to the value of bulk ZnO “385 nm” might
be due to a high quantum confinement effects) [71].
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Figure 6. (a) UV-Vis absorption spectroscopy of as-prepared ZnO NP before and after annealing,
(b) zoom in the UV region of the ZnO NP annealed at 80 ◦C, and (c) magnification of the UV-Vis
absorption spectra of the ZnO NP annealed at 800 ◦C.

After annealing at 80, 100, 150, 250, and 500 ◦C, the absorption peaks of the samples shifted
from 365 nm to 375, 378, 371, 375, and 378 nm, respectively. It is well known in the literature that
ZnO is UV absorbing, which results into the appearance of an exciton peak centered at 380 nm in the
photoluminescence spectrum. This exciton peak based on the physics of semiconductor materials
is usually red-shifted than the absorption peak. Indeed, ZnO absorbs at 365 nm. When UV excited,
it fluoresces light at lower energy than it absorbs. This is called radiative deexcitation. One can note the
Abs. band broadness at 800 ◦C, due to the non-homogenous size presence. From there, we conclude
that the thermal annealing is a critical parameter that mainly affects both the structural and optical
properties of ZnO nanoparticles [72].

Based on the Abs. band, we calculated the optical band gap energy according to the relation of
photon energy in quantum mechanics (see Equation (4))

Eg =
hc
λ

, (4)

where Eg is the optical band gap energy (in eV), h is Plank’s constant (6.626 × 10−34 Joules.sec), c is the
velocity of light (2.99 × 108 m·s−1) and λ is the wavelength absorption peak value (in nm). The optical
band gap energies are listed in Table 2.

Table 2. Absorption peak position and the optical band gap energy of the ZnO samples before and
after annealing at different temperatures.

ZnO Annealing Temperature (◦C) UV-Vis Absorption

Wavelength Absorption Peak (nm) Optical Band Gap (eV)

n/a 365 3.40
80 375 3.31

100 378 3.28
150 371 3.34
250 375 3.31
500 378 3.28

A gradual decrease of Eg from 3.4 to 3.28 eV is observed with increasing annealing temperatures.
The highest value of 3.4 eV determined at 80 ◦C, is higher than the theoretical Eg value of ZnO (3.34 eV).
This result could indicate the quantum confinement that appears when the nanoparticle’s size matches
or it is lower than the Bohr radius of the material as assessed before. The band gap energy of the ZnO
NP annealed at 800 ◦C could not be determined, due to the largely wide absorption band, which does
not allow a precise determination of the band gap energy.
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2.3.1. Photoluminescence Measurements

After Abs. measurements, the photoemission of the same samples (with the same annealing
parameters) was tested under 365 nm UV-lamp and the images are shown in Figure 7.Catalysts 2019, 9, 162 11 of 25 
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Figure 7. Photoemission colors under 365 nm UV lamp light of the dispersion solutions of ZnO NP
after annealing at different temperatures (from 80 to 800 ◦C).

In a research work concerning the importance of water soluble ZnO QD combined into biological
systems, Lu et al. have recommended the different color emission of the QD rather than the blue
emission [73]. Since the UV irradiation of the biological cells reveals a blue light [73,74], it is worth
to introduce different color emitters in such systems in order to distinguish between the obtained
emissions. This results in enhanced investigations in biological labeling applications. The different
colors obtained by our fabricated products reveal various optical properties, in relation to different
dimensions of the nanoparticles. This could highly serve the above mentioned application, as well as
many other operations.

One can observe UV and visible emission of ZnO nanoparticles in the images. Basically, the UV energy
belongs to the band gap emission where the electrons in the conduction band and the holes in the valence
band can recombine radiatively, to produce the luminescence of the exciton referring to the recombination
in the near band edge (NBE) and suggesting the formation of well- crystallized ZnO QD [75].

On the other hand, the visible emission mainly originates from the intrinsic defect energy levels
corresponding to oxygen vacancies VO, zinc vacancies VZn, oxygen interstitials Oi, zinc interstitials Zni,
in addition to oxygen and zinc antisites (OZn and ZnO) [5,39,76–79]. More precisely, Zinc interstitials
Zni and oxygen vacancies VO are the most proposed dominant luminescing defects, where the latest
results from the recombination of electrons trapped in the singly ionized VO with the photoexcited
holes [80]. Another possibility for the visible emission is the surface bonded hydroxides (OH–S)
as reported by Norberg et al. [81]. Although different predictions of the mechanisms of the defect
emissions, the proposals of the origin of visible luminescence are a subject of highly argumentative
dispute, which is not yet clear. Similarly, for our fabricated samples, ZnO nanostructures exhibited an
intense UV peak accompanied by a broad visible peak, as shown in Figure 8a.
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Figure 8. Photoluminescence of ZnO NP dispersed in water: (a) The full photoluminescence (PL)
spectrum of all samples before and after annealing and showing break line at the missing data points
over the region of the second order of the laser, (b) a zoom in the ZnO UV region of the PL spectrum
showing the maximum position of the UV emission wavelength, (c) a zoom in the ZnO UV region of
the PL spectrum of the non-annealed (n/a) ZnO and the annealed ZnO at 80 and 100 ◦C.
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The PL measurements showed no considerable UV peak for the non-annealed sample, due to
its amorphous structure in addition to the Raman peak of the water solvent as discussed above.
However, the UV luminescence was clearly identified after annealing of the powders, revealing the
exciton emission of ZnO nanoparticles (Figure 8c). Upon annealing, the PL band position shifted from
~378 nm to ~382 nm, indicating a gradual increase in the size. One can also see in Figure 8b an increase
of the intensity of UV emission band when temperature increased from 80 ◦C until 250 ◦C. Above this
value, the intensity gradually decreased.

The emergence in the UV-PL intensity with the annealing temperature up to 250 ◦C is attributed
to the annealing process, which acts as impurity removal and then increases the ZnO amount in the
dispersed powder, increasing the radiative recombinations of their excitons.

However, it was previously shown in the TGA measurements in Figure 2 that no mass loss was
observed above 250 ◦C, thus higher annealing temperatures will have no deal with the purification of
the particles or transforming complexes into nanostructures. Therefore, the excessive increase in the
annealing temperatures may affect the crystal itself, deforming its structure until coalescence, as shown
in the TEM and SEM images. As a result, the radiative recombination decreases, which reflects weaker
UV emission band.

The broad visible PL band related to the defects in all samples is ranged from green
to orange emission regions with different intensities depending on the annealing temperature.
The small shoulders included in the defect level band contribute to the noise interference and the
technical imperfections.

The green emission normally corresponds to the intrinsic defect energy levels (oxygen vacancies
VO resulting from the recombination of a photo-generated hole with the singly ionized charge state of
this defect, and/or zinc vacancies VZn). Green defect emission peaks were also observed in comparable
synthesis [39]. The orange emission is related to the excess of oxygen as interstitial defects [82–85],
in addition to zinc interstitials and surface dislocations [86,87]. In some reports, yellow emissions were
also observed and attributed to the oxygen interstitial defects, as well as to the presence of Zn(OH)2

and other impurities at the surface of the NP [88].
In our case, the defect level peak position was approximately the same for samples annealed

in the range 80–500 ◦C, which indicates the constant local environment of the defect centers in our
samples [89,90]. Annealing at 800 ◦C showed a slightly different contribution of the defects which is
related to the variation in the crystal environment, due to the fusion of nanoparticles at this temperature.

The present small peaks at 730 nm and the other at ~755 nm correspond to the second order of
the water solvent peak and the UV emission of the ZnO nanoparticles, respectively. The latest peak
was also reported by Tonon et al. [91].

As a conclusion, the thermal annealing is necessary to obtain crystalline and efficiently
photoluminescent ZnO nanostructures. Nevertheless, the temperatures must be ranged between
250 and 500 ◦C.

2.3.2. Photocatalytic Properties

Due to the small size of ZnO nanoparticles (<1 nm at 80 ◦C), that we were able to fabricate in
the present work, which is required in photocatalysis analysis, we investigate here the performance
of our samples as photo-catalysts. For this aim, we used methylene blue (MB) dye as a model for
the catalysis study. The required mass of the catalyst was mixed with MB aqueous solution, and
then irradiated with a wavelength of 365 nm at various time intervals. In the absence of the ZnO
photocatalyst, the irradiated MB solution was found to be stable even after 120 min and the color of
the MB solution remained the same. The corresponding absorption spectra of MB alone under UV
irradiation are shown in the SI.

Knowing that each annealing temperature corresponds to a critical size and number of ZnO
nanoparticles, the degradation efficiency was estimated by measuring the absorbance of MB in the
presence of ZnO (before and after annealing). After the addition of ZnO nanoparticles, the solutions
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exhibited various photocatalytic activities. The height of the MB absorbance band centered at 664 nm
decreased, which indicates the contribution of ZnO to the degradation of MB. At the end of the reaction,
the solutions turned colorless indicating the total consumption of MB in the dispersions.

The MB degradation in the presence of the various ZnO samples studied before, are represented
in the SI. We show the photocatalytic activity of the ZnO sample annealed at 250 ◦C over MB dye
degradation in Figure 9.
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The photocatalytic efficiency of these samples is illustrated via the percentage of degradation of
MB dye and calculated using the following Equation:

Degradation (%) =

(
Abst0 −Abstf

Abst0

)
× 100 , (5)

where Abst0 is the absorbance value of MB at t = 0 min of the photo-reaction, and Abstf is the value of
absorbance at the final time of the reaction t = 140 min. The results are tabulated in Table 3.

Table 3. Photocatalytic activity of ZnO samples representing the percentage of degradation of MB with
the photodegradation rate and the relative regression coefficient.

ZnO Annealing
Temperature (◦C)

Photocatalysis

Mass of
ZnO (mg)

% of MB
Degradation

Photodegradation
Rate (min−1)

Regression
Coefficient (R2)

n/a 0.36 13.7 0.0012 0.93
80 0.4 6.6 0.0008 0.92
100 1.2 16.8 0.0011 0.88
150 3 86.3 0.0082 0.94
250 3.96 98.0 0.0093 0.90
500 4 94.9 0.0073 0.88
800 4 67.0 0.0059 0.99

The amount of the ZnO catalyst was 4 mg in all the samples, the percentage of ZnO weight in
the powders used was estimated from the percentages obtained through the XRD measurement, and
the results are listed in Table 3. The decrease in the MB absorbance became more efficient when the
annealing temperature increases up to 250 ◦C. Beyond this temperature, the degradation of MB started
to decrease.

Referring to the photocatalysis concept of ZnO, electrons and holes are generated on the
conduction and valence bands, respectively, after illumination with sufficient UV light (Equation (6a)),
where the efficiency of the photo-induced charge carriers counts on the intensity of incident photons
with energy higher than or equals to the ZnO bandgap energy [92]. At the surface of the ZnO,
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oxygen acceptors could be reduced at the conduction band resulting in the formation of superoxide
radical anion (O2

−•), which may produce hydroxyl radicals (HO•) (see Equations (6b) and (6c)).
While the holes in the valence band react with the adsorbed water to form reactive hydroxyl radicals
(HO•) (Equation (6d)). The resulted radicals can directly oxidize the organic pollutants and have a
powerful ability to degrade an organic dye of MB (Equation (6e)) [93,94]. The mentioned reactions are
summarized below:

ZnO + hν→ e− + h+, (6a)

e− + O2 → O2
−•, (6b)

O2
−• + H2O→ HO•, (6c)

h+ + H2O→ HO•, (6d)

O2
−•/ HO• + MB→ oxidation products, (6e)

As a result, the nanostructures with smaller sizes have more energetic surface electrons and
should have better photocatalytic activity. At the same time, the sample containing more of well
dispersed and non-aggregated nanoparticles can absorb more light, which increases the photocatalytic
activity. On this basis, ZnO nanoparticles annealed at 250◦C showed the highest photocatalytic activity,
in relation with the high number of well dispersed nanoparticles in this case. On the other hand,
at higher annealing temperatures, the size increase leads to the decrease in the photocatalytic activity.

The photocatalytic degradation kinetics of MB in the presence of ZnO follows
Langmuir-Hinshelwood kinetic model [95]:

r =
dC

dt
=

[
kKc

1 + Kc

]
, (7)

where r is the photodegradation rate (slope of the first order equation calculated from lnC0/C = Kt),
C is the reactant concentration at irradiation time t, k is the reactant rate constant and K is the adsorption
coefficient of the reactant. Kc is nearly 1 at very small c leading to pseudo-first order kinetics equation,
and therefore the rate expression is given by the equation:

ln
C0

C
= Kappt, (8)

where C0 is the equilibrium concentration of MB (t = 0 min) and C is the concentration at time t, and
Kapp is the apparent pseudo-first order rate constant. The plot of the kinetic analysis of the ZnO NP
annealed at different temperatures is shown Figure 10a stating a linear relationship between the MB
concentration and the irradiation time.
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The photodegradation rate is computed as a function of increasing annealing temperature of ZnO
in Figure 10b. It is observed that the degradation rate is similar for the non-annealed and both the
annealed ZnO ones at 80 and 100 ◦C. Further increase in the annealing temperatures significantly
increased the photodegradation rate to reach its maximum at 250 ◦C. After this temperature,
the photodegradation rate decreased. The kinetic rate constant and the linear regression coefficient
(R2) of all ZnO NP are also listed in Table 3.

To better understand these observations, we tried to discuss the relation between ZnO
photocatalytic efficiency and its amount in the powder dispersed in water for analysis. To make
it possible, we described the ZnO mass change as a function of annealing temperature in relation to
the photodegradation rate in the following manner:

1. Without and with annealing at 80 ◦C, ~9% (0.36 mg ZnO/4 mg) of ZnO nanostructures are
present in the powder sample.

2. Annealing at 80 to 250 ◦C, ZnO percentage increased from 10% (0.4 mg ZnO/4 mg) to ~99%
(3.96 mg ZnO/4 mg).

3. From 250 to 800 ◦C, ZnO percentage reached 100% (4 mg ZnO/4 mg) and remains constant.

Therefore, the PC activity of all samples could be discussed according to these three zones.
In the first range (1), knowing that the non-annealed samples are smaller in size, they allowed

higher % of MB degradation than those annealed at 80 ◦C, due to higher surface area.
In the second zone (2), when the annealing temperature was raised, both the size and the number

of nanoparticles increased, creating a competitive role between the dimension effect and the volume
fraction effect; bigger nanoparticles should have less photocatalytic activity. In contrast, a dispersion
containing a higher concentration of nanoparticles should have higher one. In our experiments,
we observed an increase in the PC activity until reaching nearly an ideal photodegradation (100%) at
an annealing temperature 250 ◦C. Here, the density effect dominated the size effect leading to better
photocatalytic activity.

In the last region (3), the amount of ZnO nanoparticles is the same (4 mg), while their size increased
with annealing effect. Due to the size effect at a constant number of particles, the photocatalytic activity
gradually decreased.

In most photocatalysis studies, TiO2 is widely used for this aim. However, ZnO is an effective
alternative, due to its comparative band gap energy and lower cost of fabrication [96,97]. In addition,
ZnO is considered higher photoactive than TiO2 as reported by several scientists [98–101]. The higher
photoactivity is referred to the higher efficiency to provoke the formation of photoexcited charge
carriers [96,102]. The photocatalytic activity highly depends on the exposed surfaces of the catalyst
which enhance its degradation efficiency [103,104], since the contaminant molecules to be degraded
should adsorb on the catalyst surface for the above mentioned reactions to occur. Therefore, the
catalyst surface area plays a decisive role for the photocatalyst’s efficiency, which is determined
through the method of preparation of the catalyst. Previously, few reports were investigated using ZnO
nanostructures aiming for the degradation of methylene blue under irradiation of UV light [105–108].
Talebian et al. reported the efficient photocatalytic activity of ZnO thin films by the degradation of MB
dye after UV light illumination for 240 min [105]. Delgado et al. reported the synthesis of ZnO thin
film by sol–gel process. The photocatalytic activity of ZnO over the degradation of MB was achieved
within 5 h of UV light irradiation [108].

As the nanoparticles adapt higher surface to volume ratio compared to nanowires and thin films
that are widely used in photocatalysis, ZnO NP could be the appropriate applicant for the adsorption
of contaminants to achieve higher degradation rates with fewer irradiation times compared to other
morphologies. This was evidence in our samples were the MB was completely degraded using the
proper ZnO catalyst annealed at 250 ◦C adapting the best surface, size, number and crystallinity of
particles. ZnO here exhibited a high photodegradation rate within ~100 min UV light irradiation to
completely degrade the MB due in the solution.
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2.3.3. Large Area Layer of ZnO NP

Fluorescent materials are considered as the dynamos for analysis in various of current lab-on-chip
(LOC) devices [109]. These systems enable new structural and functional biomolecule studies, enhance
chip-based bioanalytical assays, in addition to many other applications [110].

In this context, ZnO NP were assembled by PMMA as described in the materials and methods
section aiming afterwards to use this system as a fluorescent material in bio-labeling or catalysis
operations. Therefore, the obtained monolayer of ZnO NP-loaded poly(methyl methacrylate) (PMMA)
was evaluated by photoluminescence measurements as illustrated in Figure 11.
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Figure 11. Room temperature average photoluminescence spectrum of ZnO NP embedded PMMA
nano layer over Si substrate taken at four different positions. The inset corresponds to the PL
measurements of the silicon (Si) substrate as a reference.

As observed in the PL spectrum, the obtained ZnO NP have a UV emission at 393 nm, which
corresponds to the exciton emission. The peak above 400 nm are due to noise interference and the
technical imperfections.

The obtained ZnO-loaded PMMA system was consequently observed by optical microscopy and
atomic force microscopy (AFM); the corresponding images are depicted in Figure 12. One can see the
presence of ZnO NP as bright dots localized in the PMMA nanoholes in Figure 12a,b. Figure 12c also
evidence the ZnO NP inside the PMMA holes. One can see in Figure 12d that ZnO NP are present
into PMMA layer of ~90 nm thickness. The hydrophobic feature of PMMA against the hydrophilic
one for ZnO could be of great interest for both local growth and characterization of materials only
on ZnO. In addition to the production of pure and size-tunable ZnO with a step synthesis process,
this result reflects the major novelty in the present paper because there is no such approach in the
literature allowing the assembly of pure, stable and highly luminescent ZnO NP on a large area.
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3. Materials and Methods

3.1. Fabrication of ZnO NC

The chemical reagents used in this synthesis were zinc nitrate hexahydrate, 98% extra pure
(Zn(NO3)2·6H2O) and sodium hydroxide (NaOH) precursors purchased from ACROS Organics
(Morris, NJ, USA) and Fisher Scientific (Bishop Meadow Rd, Loughborough LE11 5RG, Royaume-Uni)
respectively without further purification. In the simple hydrothermal reaction, different curing
temperatures were adapted throughout the synthesis (80 ◦C, 110 ◦C and 150 ◦C). Equal volumes of
aqueous stock solutions Zn(NO3)2·6H2O (1 M) and NaOH (1 M) were mixed under constant stirring
of 350 rpm and simple heating for 20 and 60 min where we obtained two different phase solutions:
An upper liquid phase (supernatant) and a white precipitate (powder) that were further separated
from each other by filtration step. This synthesis process is illustrated in Figure A2 in Appendix B.
The remaining filtered powders were washed several times with deionized water (DI water) and
isopropanol to evacuate the water adsorbed on the particles, and to remove the undesirable complex
ions (Zn5(NO3)2(OH)8·2H2O in our case) that are considered as impurities possibly remaining in the
prepared product. The quantum dots finally obtained in a powder form were directly calcined for
1 h in an oven under air at different annealing temperatures (80 ◦C, 100 ◦C, 150 ◦C, 250 ◦C, 500 ◦C,
and 800 ◦C). The obtained powders were re-dispersed in water under sonication for 1 h without any
further heating, to obtain homogeneous and ultrafine particles in the dispersion solution.

3.2. Self-Assembly of ZnO Nanostructures into Nanoporous PMMA Layer

The strategy of fabrication of ZnO mono layer was adapted from our previous studies [111–114].
A polymer/zinc nitrate dispersion was formed by mixing solutions of Zn(NO3)2·6H2O and poly
(methyl methacrylate) (PMMA). The zinc nitrate solution was prepared by the dissolution of 20 mg of
zinc precursor in 1ml of ethanol. Then, 1.5 mL of PMMA solution was added to the zinc nitrate and
stirred for half an hour. Upon spin coating of the obtained PMMA/zinc nitrate dispersion on a silicon
(Si) substrate (speed = 10,000 rpm, time = 30 sec and acceleration = 3000 rpm/sec), Zn2+-loaded PMMA
micelles are formed on the whole substrate. Then, a drop of 0.1 M NaOH solution was deposited on the
obtained substrate, and the Si-wafer was heated at 80 ◦C for 20 min to obtain the ZnO nanostructures.

3.3. Characterization

X-Ray diffraction (XRD,) measurements were performed using a powder diffractometer (X’pert
PRO PANalytique,(Nancy, France) in reflection mode to study the structure of ZnO samples.
The measurements were made under a voltage of 45KV and an intensity of 50 mA, in an angular range
of 0 to 60◦ (0◦ < 2θ < 60◦) using a copper source of λ = 1.54056 Å.

Thermal decomposition of the as-prepared ZnO samples was performed using a TA Instruments
TGA 2050 Thermogravimetric Analyzer (Metz, France), coupling the heating rate with the mass loss.
The thermal evolution of the natural materials was followed from room temperature up to 600 ◦C.

Transmission electron microscopy (TEM,) investigations were carried out using a JEM - ARM 200F
Cold FEG TEM/STEM (Nancy, France) operating at 200 kV and equipped with a spherical aberration
(Cs) probe and image correctors (point resolution 0.12 nm in TEM mode and 0.078 nm in STEM mode.

SEM images were acquired using HITACHI SU8030 SEMFEG (Troyes, France), with a typical
accelerating voltage of 15KV having a large specimen stage with 110 mm traverse range in both of XY
direction and a maximum 150 mm diameter sample exchange chamber as standard. The images
were elaborated after depositing a drop of the solution on a silicon substrate and drying at
room temperatures.

Dark-field images were obtained by using a straight BX51 Olympus optical microscope using a
Halogen source.

AFM measurements were performed by a Nano-R2t AFM, operated in contact mode, and then
color-balanced using the imageJ software.
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UV-Vis absorption measurements were achieved to see the absorption of the NP using a UV-Visible
spectrophotometer Specor 205 from Analytic-Jena (Metz, France), where the transmitted light was
dispersed and analyzed by a CCD camera with a resolution of 1 nm. These measurements allow us to
characterize the optical properties of ZnO NP giving information about the homogeneity and the size
of the NC from their band gap width and the position of the peaks corresponding to the absorption
of ZnO.

Photoluminescence measurements (PL) were carried out to estimate the optical characteristics of
the ZnO exciton recombination using a He-Cd laser of wavelength 325 nm and photon energy 3.82 eV.
The spectra were acquired in the range of 340–950 nm. The transmitted light was dispersed by the
grating and analyzed by a CCD camera (Mrtz, France). The measurements were performed at room
temperature (RT), and the PL data were collected under the same conditions, i.e., light path, excitation
power, acquisition parameters, exposure time, and split front entrance, to exclude any other effect on
the PL measurements.

The photocatalytic activity was investigated using 1 mL of methylene blue (MB) dye solution
(5 × 10−4 M) and 1 mL of a ~0.267 × 10−3 g/L ZnO catalyst solution in a 1.0 cm quartz cuvette under
UV irradiation using high intensity mercury-xenon lamp with a mercury line filter of 365 nm light
segment. The absorbance of the blank reference sample (MB blue irradiated in the absence of the
catalyst) was determined using a specific volume of the dye. The quartz cuvettes were 0.4 cm apart
from the light source in order to avoid the diverging of light through the filter. During irradiation, the
solution of ZnO/MB was magnetically stirred and the absorbance of MB was measured by UV–visible
spectrometry after the addition of the catalyst for studying the reaction kinetics. The amount of ZnO
NC and that of MB dye were kept constant through all the experiments.

4. Conclusions

In this paper, we presented an original approach for synthesizing large-area substrate of ZnO
NP as catalyst and Lab-on-Chip system, which might be used to grow a wide range of nanomaterials,
including metallic, magnetic, semiconductors, hybrids, etc. To make it possible, pure ZnO nanoparticles
having different sizes ranged from ~1 nm to ~200 nm were first fabricated in water by a fast, economic
and green synthesis way without the usage of ligands. High quantum confinement was observed for
the smallest ZnO NP, in relation to a blue-shift of ~20 nm of the exciton peak. Precisely, an exciton
absorption peak at ~365 nm was obtained for ZnO of ~1 nm diameter. To achieve this goal, two
synthesis temperatures can be derived; the first temperature is lower than the boiling temperature
(80 ◦C) of the solvent and allows the fabrication of small size of ZnO NP. The second temperature is
higher than the solvent’s boiling T (150 ◦C) and corresponds to the post-thermal treatment temperature
required to crystallize the NP after synthesis. Herein, the post-thermal treatment controls the
as-synthesized particles, where the fabricated nanoparticles can be greatly used in wide fields of
biological, photocatalytic, optical, and electronic applications. The ZnO NP were then self-assembled
into PMMA layer using VIPS strategy in order to fabricate a large area substrate of ZnO. It is a challenge
for us to use this approach in the future as a reference strategy for fabricating various semiconducting
nanoparticles with such high controllability and efficacy.
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Appendix A

Using Bragg’s law in Equation (A1), nλ = 2d sinθ (A1)

with the first order approximation n = 1, then d= λ/2sinθ. θ is assessed for each plane from the XRD
patterns. The lattice constants a, b and c were assessed from the hkl Miller indices in the XRD spectrum
using the formula associated with the hexagonal systems:

1/d2 = 4/3 ((h2 + hk + k2)/a2)) + l2/c2 (A2)

Hence, the lattice constant “a” for the (100) plane is calculated by a = 2d/
√

3 (A3)

For the (002) plane, the lattice constant “c” was calculated by c = 2d (A4)

Appendix B
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