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• Polyol methodwas used to produce zinc
oxide nanoparticles through decompo-
sition of zinc acetate.

• Additional acetate ions influence the
preferential growth of the crystal struc-
ture, altering the shape.

• Hydrolysis reaction time is used to con-
trol the particle size while retaining the
shape.

• Shape, size, and defects affect optical
properties, such as band-gap and
photoluminescence.
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In this study we prepared zinc oxide (ZnO) nanoparticles using the polyol method with zinc acetate and/or so-
dium acetate in a propylene glycolmediumwith varied hydrolysis reaction time (10, 60 and 300 min). It was ob-
served that the hydrolysis reaction time and the concentration of acetate ions had a strong effect on the
morphology and size of ZnO nanoparticles (NPs). X-ray diffraction (XRD) patterns revealed that all samples
crystalized in the typical ZnO wurtzite structure and Rietveld refinement was used to characterize the structure
and to suggest a preferential growth. Fourier transformed infrared spectroscopy (FTIR) was performed and
showed the typical ZnO band, no impurity signals, as well as differences in A1 and E1 vibration modes due to dif-
ferent crystal growth in the structure. Raman scattering was carried out to determine the defects in the structure
of ZnO, such as interstitial oxygen and oxygen vacancies. Transmission electron microscope (TEM) images re-
vealed that ZnO NPs size and shape are strongly dependent on the hydrolysis reaction time and addition of ace-
tate counter ions, respectively. The change in shape and size has also affected the optical properties, such as the
optical bandgap (Eg) of ZnO NPs and their florescence.

© 2018 Elsevier Ltd. All rights reserved.
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1. Introduction

Zinc oxide (ZnO) is a well-known non-toxic and chemically stable
material used in numerous research areas such as gas sensors [1], pho-
tovoltaic devices [2], inks [3], catalysis [4], ultraviolet light emitting
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diodes [5], dye-sensitized solar cells [6,7] and spintronics [8]. The broad
development of ZnO is due to thewide direct band gap of 3.37 eV that is
strongly affected by doping and exhibits a large exciton binding energy
of 60 meV at room temperature. Moreover, ZnO crystalizes in a stable
wurtzite structure with lattice parameter a = 3.2495 Å and c =
5.2069 Å in a hexagonal compact (hcp) structural arrangement, belong-
ing to the p63mc space group. ZnO hcp is an excellent host matrix for
doping atoms, a feature that makes it a potential material to produce
doped or composite semiconductors [9,10]. ZnO is often described as a
material that is able to generatemany intrinsic defects, either interstitial
atoms or atomic vacancies, thus leading to changes in the electronic
structure [11]. These defects can be leveraged to produce changes in
the electronic structure and, combined with size and morphological
control, drive ZnONP research due to its strong influence on several im-
portant physical properties, especially optical properties.

The wurtzite structure of ZnO is a polar crystal where each Zn2+ ion
is surrounded by four O2– ions and has a large difference in electroneg-
ativity between Zn andO. In addition, The ZnO structure has a polar axis
(c axis) which is positioned perpendicular to the basal plane contribut-
ing to the breaking of symmetry. These factors, combinedwith the ther-
modynamic and kinetic aspects, allow the occurrence of different
growth rates in the crystalline faces, which can lead to preferential di-
rections of growth along the various axes of the crystal [12]. In this
sense, the chemical reactions are able to promote several thermody-
namic environments to favor a certain direction of growth kinetics,
and can be the key to success, guaranteeing the quality of the material
through experimental control and confinement of desired size and
shape due to strict control of the different rates of crystal growth [13].

ZnOhas been producedwith severalmorphologies through different
methods, such as coprecipitation [14], molecular beam epitaxial (MBE)
Fig. 1. Schematic representation of the steps of ZnO polyol synthesis as well
growth [15], chemical vapor deposition (CVD) [16], metallic organic
chemical vapor deposition (MOCVD) [17], sol-gel process [18], combus-
tion reaction [19], solvent-free synthesis [20], thermal decomposition
[21] and the polyol method [22]. The polyol method can be described
as a facile and inexpensive synthetic route and it does not need high
temperatures, advanced equipment, or additive calcination steps. In
general, its synthetic route uses polyol as solvent, for instance, ethylene
glycol (EG), diethylene glycol (DG), propylene glycol (PPG) and ametal-
lic acetate as precursor.

The polyol acts as a good agent to stabilize particle growth and ag-
glomeration, further promoting the reduction of the metal in solution
[23,24]. The polyol method is similar to the sol-gel synthesis, however,
it has one fundamental difference, the forced hydrolysis phenomenon,
i.e. a controlled amount of water is added to reactional media to reach
the boiling point [26]. The controlled concentration of metallic ions
and surfactants is very important to ensure good reproducibility in sev-
eral approaches. Ultimately, these parameters are important for ZnONP
synthesis due to reduction of the metal oxides through controlled
amounts of water, metal and surfactant to achieve high quality mate-
rials [27].

Interest in tunable physical properties through chemical reaction
synthesis has been reported for ZnO and was performed with different
approaches such as thermal annealing, control of growth for pure ZnO
or using different dopants [22,28–30]. The role of the solvent and surfac-
tant in the polyol method are reported in the literature and often well
described and analyzed as fundamental factors influencing the size
and shape of particles [31–33]. Although so much is known about the
polyol method, the time of reflux still varies frequently in the literature,
with several times between 2 and 12 h [30,34–36], showing a need for
understanding of the effect of reflux time on NPs. In this work we
as are showed the morphology aspects of particles from each synthesis.



Fig. 2. X-ray diffraction patterns for all samples prepared by the Polyol method at room
temperature.
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have synthesized ZnOwith controlled shape and size through the polyol
method using two different approaches, studied the influence of addi-
tional counter ions (ACI) during reaction for formation of ZnO particles,
and investigated the influence of hydrolysis reaction time. An additional
amount of counter ion in solution strongly influences the shape of par-
ticles and changing hydrolysis reaction time controls particles size.

2. Experimental procedure

2.1. Synthesis

Analytical grade reagents, 1,2-propanodiol, propylene glycol (PPG,
Aldrich), anhydrous sodium acetate (CH3COONa, Aldrich), zinc acetate
dihydrate ((CH3COO)2Zn·2H2O, Aldrich) were used to synthesize ZnO.
Two approaches will be discussed in this paper: particle shape control
Fig. 3. Rietveld refinement for samples
due to varying amounts of acetate counter ions (ACI) in solution, and
particle size tuning due to different hydrolysis reaction time. In both
cases, the pathway towards thefinal products is similar and can be sum-
marized in two steps: (i) hydrolysis reaction and (ii) condensation reac-
tion until the formation of a first seed nucleus. Hydrolysis reaction is a
fundamental step of the reaction which relies on available water in
the reaction media, otherwise the hydrolysis will fail and there will be
no condensation reaction and no products. On the other hand, an excess
ofwater could induce the formation of large particles and large distribu-
tion of sizes. In this sense, the precise hydration ratio is very important
to the reaction and should be previous checked empirically to get an op-
timal value. The hydration ratio can be calculated through the simple
ratio between the number of moles of zinc and number of moles of
water, nZnO/nH2O [26]. The condensation reaction can occur in two dif-
ferent ways, however, both are so reactive and thermodynamically fa-
vorable that there is not a significant difference in the final products of
the reaction. A general schematic representation of polyol reaction is
shown in Fig. 1 [37].

2.1.1. Regular synthesis of ZnO (Z300)
Zinc acetate was dissolved in 1,2-propanodiol with concentration

0.3 Mof Zn in solution. The solutionwas stirred for 30min to ensure ho-
mogeneity. Following, a precisely calculated amount of deionized water
was added to promote hydrolysis. The amount of water must be care-
fully calculated, including all molecular content in hydrides of reactants.
The hydrationmolar ratio used was 1:9. The homogenous mediumwas
heated to the boiling point of 1,2-propanodiol (150 °C)with control rate
of 3 °C/min, then, after 10min of reflux, the solution became turbid and
milk-like, and the reflux was kept for a total of 300 min. Then, the sys-
tem was cooled and the as-prepared solution was centrifuged at 4000
rpm for 15min to produce a nanoparticle precipitate and then washed
several times with water and ethanol. Finally, the particles were dried
at 80 °C for about 3 h in air atmosphere to obtain a thin white powder.
This powder will be referred to as Z300.

2.1.2. Synthesis of ZnO with additional counter ions (ZACI)
Similarly, zinc acetate was dissolved in 1,2-propanodiol (0.3 M), and

the solutionwas stirred for 30 minwith deionizedwater in a 1:9 hydra-
tion ratio to promote hydrolysis. The fundamental difference in the ACI
approachwas an addition of excess acetate counter ions added as anhy-
drous sodium acetate with a molar ratio of 1:3 zinc:sodium. The
calculated by the equiaxial model.



Fig. 4. Rietveld refinement for samples calculated by the uniaxial model.
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solution became turbid and milk-like after 10 min of reflux, following
the same protocol to precipitate and wash samples. The reflux time
was varied, producing three sets of samples under 10, 60 and 300 min
of reflux, referred to as Z10ACI, Z60ACI, Z300ACI, respectively.
2.2. Characterization

Particle size distribution and morphology of all samples were per-
formed on a JEOL Transmission Electron Microscope (TEM) (model
JEM 2100) working at 200 kV. Samples were dispersed in ethanol and
sonicated for 5 min and droplets of this dispersion were placed onto a
copper grid coated with parlodion and carbon films and dried in air.
The crystalline structure was analyzed through X-ray diffraction
(XRD) using a Shimadzu 6000 diffractometer with CuKα radiation (λ
=1.5418 Å) for a range of Bragg angles (20° ≤ 2θ ≤ 80°)with a scanning
rate of 2°/min and 3 s dwell time at room temperature. The crystalline
phaseswere identified by usingX-Pert HighScore (Panalytical) software
and the crystallography data for all samples were obtained by using the
Inorganic Crystal Structure Database (ICSD), and the Rietveld refine-
ment method was performed using General Structure Analysis Soft-
ware-II (GSAS-II) software. The infrared spectra (FT-IR) were collected
using a Perkin-Elmer Spectrum System 400 with samples in KBr pellets
(1%) in the range of 400–4000 cm−1. Diffuse reflectance spectra were
obtained by using an UV/VIS/Near IR spectrometer (Perkin-Elmer
Lambda, model 1050) equipped with the praying mantis accessory in
the range of 250 − 800 nm. For this experiment, barium sulfate
(BaSO4) powder was used as reference material. Florescence measure-
ments were performed on a Varian Cary Eclipse Fluorescence Spectro-
photometer with an excitation wavelength for all samples of λexc =
290 nm. Raman spectroscopy was performed on a Bruker Sentinel
Table 1
Fitted data for samples through equiaxial and uniaxial models.

Samples refinement equiaxial

Parameter Z300 ZACI10 ZACI60 ZACI3

Rp% 9.6 18.2 14.8 15.4
Rwp% 12.1 21.4 17.4 14.9
GOF 3.95 9.88 8.65 9.45
with an excitation of wavelength of 785 nm at 70 mW and five co-
adds with 60 s of integration time.

3. Results and discussion

XRD patterns of all samples obtained at room temperature are
displayed in Fig. 2, which showed the formation of typical wurtzite
structures (JCPDS PDF no. 36-1451 diffraction pattern card). Even
though all samples show the same ZnO hcp structure, the
diffractograms reveal a difference between intensities in the (002) dif-
fraction peaks, mainly for ACI samples, which is evidence for preferen-
tial growth along the c-axis [22]. Rietveld refinement was employed to
investigate the structural differences and preferential growth [38,39].
Refinement was performed through two different mathematic input
functions. First the equiaxial model, which considers symmetric growth
for all crystalline directions, then the uniaxial model, which considers
specific growth through one preferential direction. For our samples,
the preferential direction considered was 002 [38]. The refined graphs
are shown in Figs. 3 and 4, where discrepancies can be seen between
the calculated and experimental results for the equiaxial model, mainly
in the ACI samples. However, there is good agreement between the cal-
culated and experimental patterns under the uniaxial refinement
model, which can indicate different directions of growth for our sam-
ples. For instance, the values of the refinement parameters (Rp, Rwp
and GOF) shown in Table 1 are higher for the equiaxial refinement
than the uniaxial refinement. The GOF is the ratio between calculated
and experimental diffraction data,with 1 being an ideal value indicating
the quality of refinement. To verify the preferential growth direction of
the ZnOstructure, the x-ray diffractogramswere analyzed using two ap-
proaches. First, the difference between particles' size corresponding to
the three most intense peaks were calculated using the Scherrer
Samples refinement uniaxial (002)

00 Z300 ZACI10 ZACI60 ZACI300

5.6 6.8 5.7 6.9
4.8 7.1 6.3 5.3
1.61 1.82 1.74 1.69
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Fig. 6. FTIR for samples regular and ACI synthesis at room temperature. Inset shows the
difference between A1 and E1 modes for ZnO wurtzite.

Table 2
Scherrer diameter and ratio I100/I002 for all samples.

Samples

Parameter Z10ACI Z60ACI Z300ACI Z300

I100/I002 1.01 0.96 0.98 0.82
D(100) nm 21 27 27 37
D(002) nm 32 44 46 39
D(101) nm 23 30 30 36
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equation,Dhkl ¼ kα
ðβhklcosθÞwhere Dhkl is the crystallite size for the peak, K is

a numerical factor referred to as the crystallite-shape factor, λ is the
wavelength of the X-rays, βhkl is the full-width at half-maximum for
each peak (FWHM) of the x-ray diffraction peak in radians and θ is the
Bragg angle [40]. In addition, the ratio between the integrated intensi-
ties I100/I002 also was calculated, the values found can be seen in Table
2 [30]. The Scherrer diameter is quite close to the regular sample Z300
for all peaks considered,whereas theACI samples showed discrepancies
related to peak 002. It is in agreement of the ratio values (I100/I002)
found for the ACI and regular samples, approximately 1 and 0.8, respec-
tively. Itmay be due to a larger growth along c-axis for ACI samples than
the regular sample Z300 caused for the additional acetate counter ions
in excess during reaction.

FTIR measurements for precursors in solution were analyzed to in-
vestigate the reaction in situ during reflux. Thus, aliquots were taken
several times from the reaction reflux of the solution at different tem-
peratures and reaction times. For instance, precursor solution (all re-
agents mixed at room temperature), 100 °C (aliquot extracted at 100
°C) and 150 °C (aliquot extracted at 150 °C), 150 °C_10 min and 150
°C_60 min (both extracted during reflux at 150 °C after 10min and 60
min, respectively), see Fig. 5. All FTIR spectra (Fig. 5) showed a band
at 3400 cm−1 which can be assigned to the O\\H stretching vibration
to the –OH groups. Some bands in the interval from 2800 cm−1 to
2950 cm−1 can be attributed to the C\\H bonds from –CH2– and –CH3

groups. The weak bands in the range 1400 cm−1–1450 cm−1 corre-
sponding to the bending vibration of CH2 and CH groups. The region
1150–1000 cm−1 is characterized by the vibration frequency of the –
OH groups. These mentioned bands are related mainly to the 1,2-
Fig. 5. FTIR for several aliquots of precursor solution, during heating from room
temperature to 150 °C (reflux temperature) and during reflux after 10 and 60 min,
respectively.
propanodiol structure, whichwas used as solvent in the precursor solu-
tion and its presence is too higher than other ones. It is possible to ob-
serve another band in the 1580 cm−1 that correspond to the
symmetric stretching vibration modes of COO− group due to the pres-
ence of acetate precursor [11,21,22,32]. The sample precursor solution
spectrum at 150 °C did not show any change, however, for the samples
at 150 °C after 10 min of reflux, a characteristic ZnO vibrational mode
arise around 450 cm−1 evidencing the quickly formation of nanoparti-
cles [41]. ZnO washed powders were submitted to FTIR to investigate
the sample's purity and to observe the formation of ZnO bonds in Fig.
6. Spectra of washed samples show that the powders are free from im-
purities as well as exhibit typical vibrational modes of ZnO bonds al-
ready mentioned. According the rules of symmetry, the ZnO structure
belongs to the p63mc space group and should show 8 vibrational
modes; Γ=2A1 + 2E1 + 2B1 + 2E2, however, A1 and E1 are acoustic vi-
brational modes, and B1 is a Raman silent vibrational mode. Therefore,
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Fig. 8. TEM of samples at the same hydrolysis reaction time (300min) with different additional counter ions to evidence the difference in shape of the NPs.

130 T.E.P. Alves et al. / Materials and Design 146 (2018) 125–133
the predicted active Raman modes for this structure are A1, E1 and 2E2,
and active infrared modes A1 and E1 [42]. Furthermore, specifically for
ZnO, it is possible to observe longitudinal (LO) and transversal (TO)
modes due to its polar structure, but only LO modes can be measured
between 400 and 4000 cm−1. The A1 vibration mode (LO) is related
with the vibrational energetic transition on ZnO chemical bond parallel
Fig. 9. TEM of samples synthesized with the same additional (ACI) counter ions showing si
to the c-axiswhile E1 (LO) is relatedwith the chemical bonds perpendic-
ular to the c-axis [11]. Differences between the vibrational modes pro-
vide strong evidence to attribute the existence of these two active
modes at 437 cm−1 cm and 505 cm−1 to A1 and E1, respectively. Thus,
it is easy to notice that E1 and A1 intensities are slight closer for ACI sam-
ples than for the regular Z300 sample. This might agree by the different
ze control through hydrolysis reaction time; 10min, 60min and 300 min, respectively.



Fig. 10. Direct band gap (Eg) for all samples, determined by diffuse reflectance.
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number of bonds parallel and perpendicular to atoms in the basal plane,
and could be related to growth in the perpendicular direction through-
out the c-axis observed through XRD.

Room temperature Raman spectra of ZnO nanopowders for all sam-
ples are shown in Fig. 7. Based on the previous discussion about sym-
metrical Raman mode scattering, there are A1, E1 and 2E2, where A1

and E1 are polar modes and 2E2 (E2low and E2
high) nonpolar modes. A1

and E1 polar modes split into TO (A1 TO and E1 TO) and LO (A1 LO and
E1 LO) components, and E2 nonpolar modes, low and high, are associ-
ated with the vibration of the Zn sublattice and oxygen atoms,
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Fig. 11. Room temperature photoluminescence spectra for all samples excited at 585 nm.
The break in the x-axis is to eliminate signal from the excitation source.
respectively [43]. The characteristic peak for ZnO is present in all spectra
around 437 cm−1 and might be related to the E2 non-polar optical pho-
non mode of the wurtzite ZnO crystal, corresponding to the oxygen
atoms. The intensities of these peaks are frequently attributed to the
crystallization of the structure [44]. In this sense, it is easy to see that
sampleswith ACI tend to show smaller intensities than regular samples,
thus the crystallization of ACI samples were influenced by the presence
of excess acetate counter ions in solution during crystallization as well
as the hydrolysis reaction time. Raman scattering measurements were
carried out in a backscattering geometry using an npolarized light,
thereby allowing only E2, A1 (TO), and E1 (TO) modes for incident radi-
ation perpendicular to the c-axis of the sample, and E2 and A1 (LO) for
incident light parallel to the c-axis. ZnO NPs were measured as a pow-
der, which provides a random orientation of the crystals. Because of
this, Raman cannot be used to determine growth orientation for these
powders [45]. The mode at 330 cm−1 is ascribed to the difference
E2
high − E2

low, peaks at 668 cm−1 and 765 cm−1 are related to multiple
phonon scattering, the peak at 378 cm−1 corresponds to A1 (TO)
mode, and the broad peak at 565 cm−1 corresponds to the A1 (LO)
mode [43]. The A1 (LO) mode is strongly related mainly to the presence
of oxygen interstitial defects throughout the structure [43,45].

Transmission electron microscope (TEM) images revealed different
morphology, shape and sizes of the particles. ACI samples do not have
a similar shape to the NPs from regular synthesis. The regular synthesis
showed roughly spherical nanoparticles and the ACI synthesis showed
rod-like particles, when compared to samples with the same reflux
time (Fig. 8). However, size changes can be seen for the ACI particles
as the hydrolysis reaction time (HRT) is varied. For a HRT of 10, 60
and 300 min, we found an average size of 79, 117 and 139 nm, respec-
tively (Fig. 9).

The UV-VIS absorption related to the transition of electrons from va-
lence to conduction band was used to determine the optical bandgap
(Eg) of the nanoparticles. Eg values of all samples were calculated
based on diffuse reflectance using the Tauc plot [46] modeled by
(hvα)1/n = A(hv− Eg), where α is the absorption coefficient, hv is the
incident photon energy, Eg is the band gap energy, and A is a constant.
The variable n is related to the type of transition and can assume several
values depending on the desired transition, for instance, n=1/2, 3/2, 2,
and 3 for direct allowed, direct forbidden, indirect allowed and indirect
forbidden transitions, respectively. The Kubelka-Munk model [47] was

used to transform reflectance data by α= F(R∞)¼ ð1−R∞Þn
2R∞

, where R∞ is
the ratio between the sample's reflectance and reference's reflectance
(barium sulfate was used as a reference). Thus combining the Tauc

plot and Kubelka-Munk model, the equation becomes F(R∞)¼ Aðhv−EgÞn
hv ,

where n=1/2 for direct allowed transition. Eg for each sample was ob-
tained by extrapolating the linear part of the plot of [F(R∞)hv]1/2 vs. hv
for where hv is equal to zero and the results are displayed in Fig. 10.
The average Eg values for these samples are around 3.28 eV, which is
slightly lower than the ZnO bulk bandgap of 3.37 eV [11]. When the di-
mension of particles becomes smaller, the quantum effects and surface
phenomenon can strongly influence the Eg [48]. It is possible to notice a
slight variation to the Eg values mainly for the rod-like ACI particles,
from 3.26 to 3.31 eV, for Z300ACI and Z10ACI, respectively. It can be ex-
amined by Brus' quantum confinement model, as well as intrinsic de-
fects of oxygen in interstitial sites of ZnO could cause this kind of
behavior [49,50].

Fig. 11 shows the room temperature photoluminescence (PL) spec-
tra for all ZnO samples measured with an excitation wavelength of
290 nm. It is well known that ZnO has an emission band around 390
nm in the ultra violet (UV) which is frequently considered a character-
istic ZnO emission, attributed to the band–edge transition or exciton re-
combination [11,51]. Additionally, different visible emission bands have
been reported for ZnO such as green, yellow-orange, blue and red, re-
lated to intrinsic and extrinsic defects present in the ZnO structure
and many contributions have been made to explain these emissions.
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For instance, green emission could be associated with a transition be-
tween singly ionized oxygen vacancies and photoexcited holes [52].
The yellow-orange emissions have been assigned to interstitial oxygen
dislocation, as well as lithium dopants [11,53]. The blue emission has
been reported to be related to interstitial zinc defect levels as initial
states [54]. The red emission has been explained through the presence
of oxygen interstitials and oxygen vacancies [55].

For our samples, it is possible to observe the characteristic sharp UV
emission band at 390 nm, as two small blue emissions around 460 nm
and 490 nm, and a broad red emission band centered at 700 nm. The
samples synthesized with different HRT showed different intensities
of the peak in 390 nm, it is evident that the different size of particles
have influence in these intensities. The smaller particles have the bigger
intensities for the UV peak [30]. The FTIR and energy dispersive x-ray
spectroscopy (EDS) suggest that our washed samples are free of impu-
rities. Therefore, the visible emission should correspond only to intrinsic
defects. Due to a relatively small size, the particles have a large surface/
volume ratio, which can produce somedefects such as oxygen vacancies
and oxygen interstitials. Thus, the blue emissions may be caused by a
small amount of interstitial and oxygen vacancy defects of zinc to pro-
duce trap levels between the valence and conduction bands [49]. The
red emission are related to the interstitial oxygen throughout the ZnO
structure, as the Raman measurements are able to support.

4. Conclusions

We studied the synthesis of ZnO powders using the polyol method
with different approaches: the regular synthesis, and with the presence
of excess acetate counter ions.We showed that itwaspossible to control
the shape and size of particles through these approaches. The XRD was
used to characterize the structure and Rietveld refinement for the sam-
ples suggest a preferential growth in the c-axis direction through 002
planes and polar face, mainly for ACI samples under the influence of
counter ions. By FTIR, the quick formation of the first nucleus was ob-
served during reflux at around 10 min, and showed that the samples
were free of impurities and byproducts. In addition, it was possible to
differentiate A1 and E1 specificmodes of vibration for ZnO, in agreement
with the expected modes. Room temperature Raman spectra showed
typical modes for ZnO around 437 cm−1 and the important broad
band around 565 cm−1 attributed to interstitial oxygen and oxygen va-
cancies. TEM confirmed the control of shape for the same hydrolysis re-
action time, and for the regular and ACI synthesis. The control of
particles size for the same synthesismethod and different hydrolysis re-
action times resulting in 79, 117, and 139 nm average diameters for
Z10ACI, Z60ACI and Z300ACI, respectively. Diffuse reflectance UV–Vis
spectra were used to determine Eg, which were found to vary mainly
for the ACI rod-like particles, from 3.26 to 3.31 eV, for Z300ACI and
Z10ACI, respectively. Finally, the PL spectrum showed the typical band
around 390 nm attributed to exciton recombination, blue emission re-
lated to defects as zinc interstitial and oxygen vacancy, and red emission
corresponding to oxygen interstitials. We have shown the effect of re-
flux time to contribute greatly to the size of NPs and the influence of
ACI on the preferred crystal growth orientation. These findings offer a
better understanding of ZnO NP synthesis that can be readily utilized
for semiconductors, photovoltaics, catalysis, ultraviolet light emitting
diodes, amongst other applications.
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