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Abstract

This research presents the synthesis of nanoparticles of ZnO (Nps-ZnO) obtained by two methods: chemical precipita-
tion (method 1) and combustion in solution (method 2). The effect of each method on the crystallographic properties
of Nps-ZnO is studied. The Nps-ZnO obtained present, according to EDS analysis, an atomic Zn: O ratio of 0.95 and
1.36 when two methods were used respectively. The formation of Nps-ZnO with Wurtzite-type hexagonal arrangement
is confirmed with XRD analysis. XRD results show there is not a big difference between the lattice parameters and
interplanar spacing for the samples obtained by the two synthesis methods. However, the Nps-ZnO obtained by chemi-
cal precipitation show higher values of dislocation density (1.780x107%) nm 2 than those obtained by combustion in
solution (0.152x107%) nm 2. A similar behavior is observed with the micro-strain values (2.137 x 1073-6.388x 10~%) and
(1.170x1073-1.971 x 10~3), respectively. TEM images show nanoparticles with mean diameters between 17.2+10.8 nm
and 73.4+6.0 nm when the method of chemical precipitation and combustion in solution were applied, respectively. Larger
and semi-square nanoparticles are formed with the combustion in solution method is applied. Size of Nps-ZnO estimated
from TEM images analysis, Debye-Scherer’s formula and Rietveld refinement are highly inter-correlated. Finally, the
Nps-ZnO presented a narrow bandgap of 3.19 eV and 3.16 ¢V, a value lower than that of the bulk material (3.7 V). No
drastic change in bandgap is observed for samples synthesized with two different methods.

Keywords Bandgap - Chemical precipitation - Combustion in solution - Dislocation density - Micro-strain -
Nanoparticles - Zinc oxide

1 Introduction

Semiconductors have driven the last century of technologi-
cal advancement [1]. Without them, the operation of various
electronic devices would not be possible. Zinc oxide (ZnO)
is one of the most important metal oxides due to its relative
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abundance, and its wide and direct band gap (~3.37 eV).
The band gap of ZnO can be tuned either by decreasing the
size of the crystallites [2-6] or by using a different synthesis
method to obtain the oxide [7].

On the other hand, ZnO can not only have a potential
application in electronics but in other industries such as
agriculture, cosmetics, environment, food packaging, gas
sensors, medicine and recently the construction industry
[8, 9]. Depending on the application intended for Nps-ZnO,
the synthesis method must be appropriate to guarantee that
the suitable material will be obtained and take full advan-
tage of the characteristics desired. For example, the crystal-
lographic properties of Nps-ZnO can affect its mechanical
behavior [10, 11]. Then, if we want to use Nps-ZnO as a
material for smart food packaging, we must ensure that its
mechanical properties of elongation and flexibility are as
required [12-14].

Some studies have reported the influence of the synthe-
sis parameters in a single method on the crystallographic
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properties. Such is the case of Al-Gaashani et al. [15] who
have evaluated the influence of the morphology of ZnO
nanostructures obtained by microwave synthesis on the tex-
ture coefficients. However, few studies referring to the com-
parison of crystallographic properties of ZnO nanostructures
prepared by various methods have been reported. Hasany et
al. [16] studied and compared crystallographic properties of
ZnO nanostructures synthesized by routes involving sol—-gel
and precipitation techniques. While Bhardwaj et al. [17] and
Abushad et al. [18] compared the crystallographic proper-
ties such as lattice strain, lattice stress and unit cell volume
of ZnO nanostructures obtained by sol-gel and hydrothermal
methods, respectively. While the influence of three synthe-
sis methods: combustion, coprecipitation and hydrothermal
method were evaluated by Rajput et al. [19].

The literature has reported on a wide variety of synthe-
sis methods ranging from reactions in aqueous medium to
gas phase processes [20-22]. The result of each procedure
will be to obtain Nps-ZnO with different sizes, shapes, crys-
tallographic parameters, among others. However, it is still
a challenge to control its crystal structure if the synthesis
parameters are not adjusted appropriately [23]. Among all
methods to obtain ZnO nanostructures [24-29], the two sim-
plest methods as precipitation [6, 30-40] and combustion
in solution [31-45] were chosen in order to compare their
synthesis parameters in shape, size and crystallographic
properties of the nanoparticles obtained. Considering that
the precipitation method in an aqueous medium is carried
out in two stages (nucleation and continuous growth of
nuclei) [46] and the combustion in solution method is an
extremely fast reaction [47-49], we want to know if there is
any relationship between the method used and the average
size, shape and lattice parameters of the samples obtained.

The present work reports the preliminary results of the
synthesis and characterization of Nps-ZnO obtained by two
synthesis methods and their influence on the size and shape.
Likewise, the dislocation density, microstrain and bandgap
of Nps-ZnO are also evaluated in order to confirm the poten-
tial of this material for applications as additives in the con-
struction industry and optoelectronic devices, respectively.

2 Experimental
2.1 Materials and apparatus

Glycine, NH,CH,CO,H (= 99%), Potassium nitrate, KNO,
(> 98%); Sodium hydroxide, NaOH (= 99%) and Zinc
nitrate, Zn(NO;),.6H,0 (= 98%) were purchased from
Sigma-Aldrich (Darmstadt, Germany). Commercial zinc
oxide particles (> 98%) were used as a reference material.
All chemicals were of analytical purity and used as received
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without further purification. Milli-Q water (18 MQ cm),
obtained from a purification system (Millipore, Darmstadt,
Germany), was used. A commercial sample of ZnO particles
was provided by Sigma-Aldrich (Darmstadt, Germany).

2.2 Chemical precipitation

Precipitation was carried out at 60°C by adding a sodium
hydroxide solution (NaOH; 0.4 M) dropwise to a con-
tainer containing a homogeneous mixture of zinc nitrate
(Zn(NOs),; 20 mM) and potassium nitrate (KNO;; 10 mM)
in a K/Zn?" ratio of 1:1 [50]. The pH of the reaction was
kept constant at 11. After two hours, the nanoparticles
obtained were separated by filtration (Whatman®: 0.02 um
pore size and 47 mm diameter). To eliminate remaining
ions, the product was washed twice with deionized water.
The samples obtained were dried in an oven at 60 °C for a
period of 24 h. Then the samples were placed in a desiccator.

2.3 Combustion in solution

For the solution combustion synthesis, 5 g of zinc nitrate
and 0.3 g of glycine (as fuel and oxidant) were dissolved
in 20 ml of water. A viscous-looking solution was obtained
under continuous magnetic stirring [41, 51]. The mixture
was taken to a closed furnace preheated to 500 °C so that,
after approximately 2 min, combustion takes place. Almost
instantly, the mixture inside the crucible ignited due to com-
bustion, producing a release of large quantities of gases
(CO,, N, and H,0); which leave a porous product (nano-
crystalline ZnO) at the bottom of the crucible. After the
combustion is completed, the crucible is cooled to room
temperature. The product obtained is removed from the cru-
cible and ground in an agate mortar.

3 Results and discussion

Figure 1 presents the EDS spectra and percentage element
compositions (inset table) of the Nps-ZnO obtained by
chemical precipitation, combustion in solution and a com-
mercial sample. Well-defined K and L emission peaks can
be observed corresponding to zinc (K,=8.630 keV and L,
= 1.012 keV) and oxygen (K, =0.525 keV). In addition to
the C emission peak (K, = 0.277 keV) typical of the sample
holder tape, no other peaks related to any contaminant are
observed. Khan et al. [4], Kumar et al. [52], Anbuvannan et
al. [53], and Manikandan et al. [54] reported similar EDS
results for ZnO nanoparticles. The elemental compositions
obtained through EDS correspond to a Zn: O atomic ratio of
0.95 and 1.36 for the ZnO nanoparticles obtained by precip-
itation method [31, 33, 55, 56] and combustion in solution
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Fig. 1 EDS spectra of ZnO nanoparticles (a) obtained by chemical precipitation. (b) obtained by combustion in solution. (¢) commercial

Table 1 The atomic percentage ratio of Zn and O in ZnO Nps prepared

by using different methods

Method

Atomic (%) percentage of the
elements.

Zn (0] Zn/O
Chemical precipitation 48.69 51.31 0.95
Combustion in solution 57.57 42.43 1.36
Commercial* 54.51 45.49 1.20

*Reference material

[45], respectively; while the commercial sample reported a
value of 1.20 [2, 6]. Table 1 summarizes the atomic percent-
age of elements and the Zn/O ratio of each sample based on
the EDS results.

The FTIR spectra of the three ZnO samples is presented
in Fig. 2. The band around 3245 cm™ ! indicate the presence
of O-H bonds due to absorption of atmospheric humidity
and the peak at 2347 cm™! correspond to the C=0 bond
due to traces of environmental carbon dioxide solubilized
during the reaction or adhered to the surface of the nanopar-
ticles [57-59]. The peaks at 434 and 489 cm™ ! corresponds
to the stretching vibrations of the Zn-O bond [5, 30, 57, 60-
66]. Then, the FTIR spectra confirm the formation of ZnO.

The XRD spectra of all samples are presented in Fig. 3.
The family of planes indexed according to JCPD card no.
36-1451 for wurtzite-type zinc oxide confirm the forma-
tion of the hexagonal zinc oxide phase with a space group

Fig.2 FTIR spectra of Nps-ZnO ]
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Fig. 3 X-ray diffraction patterns of Nps-ZnO samples prepared by chemical precipitation, combustion in solution and commercial sample

P6ymc [2, 4, 30, 67, 68]. No other diffraction peaks appear
in the XRD patterns. Figure 3 shows nine well-defined
diffraction peaks. The (101) peak located between 36°
and 37° is the most intense, which would indicate that the
Nps-ZnO obtained by both methods present a predominant
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crystallographic orientation along the (101) plane. Rietveld
refinement on the X-ray data (XRD) of Nps-ZnO by select-
ing the space group (P6;mc) was performed using Topas
software by Brucker [69]. The lattice parameters and atomic
sites used for the Rietveld refinement were a=3.2490 (A),
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c=5.2060 (A), Zn(, =0y =0.3333 and Zn) =0, =0.6667, The Rietveld refinement R-factors such as Ry (Bragg
respectively. Figure 4 shows the observed, measured and fit-  factor), R, (expected factor), Ry (crystallographic factor),
ted XRD profiles of the Nps-ZnO samples after the final R, (profile factor) and R,,, (weighted profile factor), along
refinement cycle [70]. It can observe that the measured and ~ with the lattice parameters are summarized in the Table 2.
fitted profiles match without major difference. The forma-  The value of goodness of fit value (%) is determined with
tion of wurtzite-type hexagonal ZnO nanocrystals without R, and Ry, factors [71, 72, 73]. The x* around 1.0 for the

any other phase has been confirmed by refinement. commercial ZnO sample (y°=1.17) and sample obtained
by combustion in solution (y"=1.54) [74, 75] reveal high
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Fig.4 Experimental and simulated diffraction pattern with Rietveld refinement of Nps-ZnO obtained by chemical precipitation (method 1), com-
bustion in solution (method 2) and reference sample (commercial)
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Table 2 Rietveld refined structural parameters of ZnO nanoparticles synthesized with two different methods

Standard” Chemical precipitation Combustion in solution Commercial®
azo(A) 3.24900 3.25080 + 0.00518 3.24987 + 0.00287 3.24983 +0.00183
cto(A) 5.20600 5.21105 £ 0.00750 5.20665 + 0.00365 5.20641 +0.00241
c/a ratio 1.60234 1.60300 1.60211 1.60206
V(A% 47.620 47.691 47.623 47.620
R-factors and Rp: 3.030 Rp: 2.603 Ry: 0.573

--- Reyp: 2.47 Rep: 3.72 Reyp: 4.70

--- R,:6.75 R,:4.29 R,: 4.34

--- Ry, 10.33 Ry, 5.73 Ry 5.48

¥ 4.18 ¥ 1.54 x: 1.17
Strain --- 0.3474698 0.2629193 0.06266225
Positional parameter, u 0.37983 0.37972 0.37987 0.37987
Zn—0 Bond length (nm) 19.77387 19.78742 19.77826 19.77781
Density, d (nm~2) x 1000 --- 1.780 0.152 0.152
Crystallite size Rietveld refinement, D (nm) - 23.7 81.1 258.4
Crystallite size Debye-Scherrer, D £ 6, (nm) -—- 23.5+£6.9 55.1+£6.7 128.1 £5.7

M JCPD (no. 36-1451); @ Reference material

quality of the fit. Refined structural parameters of hexagonal
Nps-ZnO as lattice parameters [33, 39, 76, 77, 78], posi-
tional parameter of the structure [79, 80], volume of the
unit cell [33, 39, 81], the length of the Zn—O bond [79, 80],
dislocation density [82-84] are presented in Table 2. It can
be observed that there is no great variation in the values
of lattice parameters, volume of the unit cell, positional
parameter of the structure and length of the Zn-O bond of
the Nps-ZnO prepared by the two different methods. The
slight deviation of these parameters with reference to an
ideal wurtzite crystal is probably due to the lattice stability
and ionicity [85]. It is observed that the Nps-ZnO prepared
by chemical precipitation show a higher density of disloca-
tions than the other samples. Then there is a greater number
of crystal defects in the crystal lattice.

In Fig. 5 show different microstructural parameters plot-
ted against crystallite size. After refinement, it is observed
that the lattice parameters a and c¢ increase with the decrease
in the size of the crystallites, which is reflected by the expan-
sion of the lattice volume. The lattice strain has been found
to increase with reducing crystallite size. This is explained
because by reducing the size of the crystallites the surface
atoms can lead to a stress field that leads to an increasing
lattice distortion on the surface [86, 87].

Others crystallographic parameters such as interplanar
distance [33, 88], texture coefficient [33, 78, 89] and micro
strain [77, 90, 91, 92] were determined from the XRD data
(Fig. 6). The results are presented in Table 3. According to
the results of the texture coefficient (TC>1) [93], the crys-
tallites of the Nps-ZnO obtained by combustion in solution
are preferably oriented in the (100), (200) and (201) planes
while those obtained by precipitation will be oriented in the
(002) and (200) directions. Finally, the Nps-ZnO obtained
by chemical precipitation has a greater degree of distortion
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of the crystal lattice [94], since high micro-strain values are
observed.

The estimated size of ZnO nanocrystal using the Debye-
Scherrer formula [33, 39, 76, 95] and Rietveld refinement
[96, 97] are presented in Table 2. The calculated nanocrystal
size by Debye-Scherrer were 23.5 £ 6.9 nm, 55.1 £ 6.7 nm
and 128.1 £ 5.7 nm for samples obtained by precipitation
method, combustion in solution and the commercial sample,
respectively. With the precipitation method, smaller nano-
crystals are obtained than with the combustion in solution. A
contrary result was previously reported by Krobthong et al.
[98]. This could be explained by the stages involved in each
process. The combustion in solution method is carried out
in a single step [99] while through chemical precipitation a
competition of the nucleation and growth of nucleus by dif-
fusion phenomena occurs in parallel [51, 100, 101]. In fact,
combustion in solution is an extremely rapid process (a few
seconds to a few minutes) in which a rapid exothermic reac-
tion produces nanometer-sized powders [102, 103]; while
the precipitation process can take longer to carry out (from
several minutes to hours).

Figure 7 shows typical TEM micrographs obtained
for each sample. The precipitated sample presents a wide
range of shapes for the nanoparticles, some of which are
hemispherical, while the sample obtained by combustion
in solution presents almost square-shaped nanoparticles.
We attribute this difference in morphology to the synthe-
sis method used. In fact, the formation of nanoparticles
by precipitation probably takes place through two parallel
processes: nucleation and continuous growth of nuclei. The
chemical reactions that occur in the precipitation method
are as follows [51, 100]:undefined
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Then depending on the working conditions, mainly pH
and temperature, Egs. (1), (2) and (3) can be reversible. If
the processes are reversible, then we can assume that the
particles can dissolve again and those ions can join other
particles, then larger particles are obtained, with a broader
size distribution. At the beginning of the precipitation, when
the thermodynamic threshold for saturation occurs, ZnO
nuclei will be formed. These ZnO nuclei will give way to
the growth process to form semi spherical ZnO nano par-
ticles. For Nps-ZnO obtained by combustion in solution, the
nanoparticles are obtained through the following reaction
[99]:
Zntf +2NOg
205(y) 25 Zn0(s) + 4C0y(g) + 5Hz0(g) + 2N

“4)

Since the reaction is extremely fast, in this case the growth
process takes place in the solid residue from the combustion
[47]. So, slightly bigger-sized particles ought to be attributed
to the aggregation or overlapping of small particle [104].
Also, unlike the chemical precipitation method, the solution
combustion method is carried out in a single stage according
to reaction (4). If we compare the two synthesis methods, it
is observed that the precipitation method produces smaller
nanoparticles (17.2 nm+10.8 nm) with a wider size distri-
bution. While for combustion synthesis, the nanoparticles
obtained are slightly larger (73.4 nm+6.0 nm) but present a
narrower size distribution, implying that this method allows
for a better particle size control. As the combustion in solu-
tion is an irreversible process, there is no possibility that the
particles will dissolve again and grow more, therefore there
is better size control during synthesis.

The direct bandgap energy (Egap) of Nps-ZnO was cal-
culated using information from the UV-Vis absorption spec-
tra (Fig. 8a) according the following expression:

(ahv) P = A(hv — Egap) Q)

where a is the absorption coefficient, h is Planck’s constant,
v the frequency of the incident photons, p is the transition
probability (p=1/2), A is a constant and E,, is the optical
bandgap [2, 3, 60, 105]. By plotting the absorption coef-
ficient multiplied by the energy of a photon all squared
(chv)? vs. the photon energy we obtain an exponential plot
(Fig. 8b). By extending the tangent towards the abscissa
and intercepting this axis, we will obtain the value of the
Energy of the bandgap (Fig. 8b). The direct band gap of
the ZnO nanoparticles obtained by precipitation was 3.19
eV [2]. It can be seen that it is a value lower than 3.37 eV
(theoretical bandgap) [106]. This bandgap value determined

@ Springer
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Fig. 6 Interplanar spacing, texture coefficient and micro-strain of Nps-ZnO samples

experimentally is close to that reported by Josun et al. [107],
Ba-Abbad et al. [2] and Parra et al. [6] for Nps-ZnO with
mean diameters of 16 nm, 20 nm and 44 nm, respectively. In
the case of the sample obtained by the combustion in solu-
tion, the experimental bandgap was 3.16 eV. Similar value

@ Springer

was previously reported by Lopes de Almeida et al. [5] for
ZnO nanoparticles with smaller crystallite sizes (20 nm).
Slightly smaller bandgap values were reported by Vasei et
al. [42] for ZnO nanoparticles between 18 nm and 36 nm.
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Table 3 The interplanar spacing of ZnO nanoparticles synthesized
with two different methods

hkl Interplanar spacing, dy (A)

Method 1 Method 2 Reference  JPCD
[71]

(100) 0.2816+0.0012 0.2812 +0.0029 0.2814 + 0.281
0.0050

(002) 0.2605 +0.0012 0.2601 £ 0.0043 0.2603 + 0.260
0.0051

(101) 0.2478 £0.0011 0.2474 £ 0.0075 0.2476 + 0.247
0.0003

(102) 0.1912 £ 0.0006 0.1910 £ 0.0010 0.1911 = 0.191
0.0016

(110)  0.1625 + 0.0004 0.1624 £0.0012 0.1625 + 0.162
0.0005

(103) 0.1478 £0.0004  0.1477 £0.0010  0.1477 = 0.147
0.0010

(200) 0.1407 £0.0002  0.1407 £0.0039  0.1407 + 0.140
0.0010

(112)  0.1379 +0.0003 0.1378 £0.0014 0.1379 + 0.137
0.0011

(201) 0.1359 +0.0002 0.1358 +£0.0002 0.1359 + 0.135
0.0008

Method 1: Chemical precipitation; Method 2: Combustion in solu-
tion; Reference: Commercial sample

The bandgap of a commercial sample was also determined
as a reference (E,,, = 3.22 V) [108].

It is observed that the bandgap does not depend entirely
on the size of the crystallite, therefore the increase in band-
gap with the decrease in its size due to the effect of optical
confinement cannot be completely established [2, 5, 6, 105]
(Table 5 ). Likewise, it is observed that the bandgap is not
strongly affected by the average size of the nanoparticles
and the synthesis methods of Nps-ZnO [3, 4]. However, a

slight decrease in bandgap can be seen with the morphology
[109] and the synthesis methods of the synthesized Nps-
ZnO [105] (Table 5).

Previous studies have shown that the morphology of
ZnO nanostructures can influence their bandgap [110, 111].
These changes in the Egap would confirm that the crystal
grain size and the crystal growth facets lead to the effec-
tive band gap of the nanostructured ZnO smaller than its
total value of 3.37 eV [26, 110, 111, 112, 113]. Indeed, the
E,,p variation could be explained by defects related to the
surface of the nanoparticles and/or species adsorbed during
the synthesis [60, 69]. Indeed, the luminescence properties
of nanometer-sized zinc oxide (ZnO) colloids are highly
dependent on their surface properties [109].

4 Conclusions

In summary, the method of production influences the mor-
phology, the size distribution, average size and the crystal-
lite size of Nps-ZnO; obtaining smaller nanoparticles with
chemical precipitation method is used. Rietveld refinement
of the XRD patterns of ZnO nanocrystals allowed detailed
information on their microstructure. Rietveld refined analy-
sis of XRD confirms that Nps-ZnO with hexagonal structure
and space group P6;mc were obtained. Some crystallo-
graphic parameters, such as dislocation density and micro-
strain values, are influenced by the synthesis method used;
while the interplanar distance, lattice parameters, and struc-
ture positional parameter are not drastically affected when
the two different synthesis methods proposed in this study
were used. Likewise, depending on the texture coefficient,
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Fig.7 TEM images and particle size distribution of Nps-ZnO samples
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Fig. 8 a) UV-Vis spectra. b) and a) 0304 b)
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0,00 y r T ¥ 0,00 T T T J
200 250 300 350 400 450 500 3,0 33 34 35 36
A (nm) E (eV)
Table 4 The texture coefficient and strain of ZnO nanoparticles synthesized with two different methods
hkl Texture coefficient (TC) Strain (e) x 1000
Method 1 Method 2 Reference Method 1 Method 2 Reference
(100) 0.9189+0.0110 1.0240 + 0.0761 1.0411 £ 0.0651 6.3877 +£0.0261 1.9711 £ 0.0020 0.9318 £0.0017
(002) 1.4956 + 0.4321 0.8725 +£0.0030 1.0423 £ 0.0806 3.2259 £0.0153 1.7501 £ 0.0029 0.9476 £0.0019
(101) 0.7875 £ 0.0847 0.8711 £0.0510 1.0047 £ 0.0253 5.2109 £ 0.0233 1.8203 £ 0.0056 0.8684 = 0.0001
(102) 0.6601 +0.1424 0.8615 +£0.0795 1.0325 £ 0.0962 5.3648 £0.0156 1.5773 £ 0.0008 0.6993 £+ 0.0006
(110) 0.9211 £ 0.0422 0.9295 +0.0571 0.9579 + 0.0407 4.0133 +£0.0088 1.4590 +0.0010 0.5538 +0.0002
(103) 0.8016 £ 0.0015 0.7715 +0.0025 0.8662 +0.0183 3.4951 +£0.0098 1.4156 £ 0.0010 0.5403 = 0.0005
(200) 1.5573 £ 0.0258 1.7567 £ 0.0627 1.2262 +0.3821 2.3563 £0.0018 1.4075 + 0.0022 0.5564 £ 0.0002
(112) 0.8764 = 0.1391 0.8577 £0.0794 0.8571 £0.0304 2.7512 £ 0.0052 1.2045 £ 0.0012 0.4544 £ 0.0004
(201) 0.9815 £ 0.0355 1.0556 £ 0.3226 0.9719£0.1115 2.1367 £ 0.0039 1.1703 £ 0.0002 0.4780 £ 0.0003

Method 1: Chemical precipitation; Method 2: Combustion in solution; Reference: Commercial sample

Table 5 Mean diameter, crystal- Method Average Particles Crystallite size (nm) Experimen-
lite size and direct band gap Size from TEM Debye-Scherrer Rietveld tal Band
energy of ZnO nanoparticles (nm) refinement gap energy
synthesized with two different (eV)
methods Chemical precipitation 17.2+10.8 23.5+6.9 23.7 3.19
Solution combustion synthesis 73.4+6.0 55.1+6.7 81.1 3.16
Commercial* 184.4+82.0 128.1+5.7 258.4 3.22

*Reference material

it is observed that the crystallographic orientations of the
samples vary when precipitation or combustion in solution
method is used. The orientation in the (001) plane of the
sample obtained by chemical precipitation is evident. No
significant difference in the bandgap energy was observed
for any of the two prepared samples. In other words, there is
no significant effect on the E,, in both nanoparticles’ sam-
ples obtained by precipitation (3.19 eV) and combustion in
solution (3.16 eV). The crystallographic and optical proper-
ties of Nps-ZnO prepared by both methods confirm that this
material can be used in optical applications. However, ele-
ment doping tests will need to be performed to explore their
influence on preparation methods.
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