
This document is published at:

Robles-Águila, M.J., Luna-López, J.A., 
Hernández de la Luz, Á.D., Martínez-Juárez, 
J., Rabanal, M.E. (2018). Synthesis and 
Characterization of Nanocrystalline ZnO 
Doped with Al3+ and Ni2+ by a Sol–Gel 
Method Coupled with Ultrasound Irradiation. 
Crystals, 8 (11), 406. 

DOI: https://doi.org/10.3390/cryst8110406 

This work is licensed under a Creative Commons Attribution 4.0 
International License. 

https://doi.org/10.3390/cryst8110406
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


crystals

Article

Synthesis and Characterization of Nanocrystalline
ZnO Doped with Al3+ and Ni2+ by a Sol–Gel Method
Coupled with Ultrasound Irradiation

M. J. Robles-Águila 1,* , J. A. Luna-López 1 , Álvaro D. Hernández de la Luz 1 ,
J. Martínez-Juárez 1 and M. E. Rabanal 2

1 Benemérita Universidad Autónoma de Puebla, Instituto de Ciencias, Centro de Investigación en Dispositivos
Semiconductores, Ciudad Universitaria, C.P. 72570 Puebla, Mexico; jose.luna@correo.buap.mx (J.A.L.-L.);
joalvada1@hotmail.com (Á.D.H.d.l.L.); javmartinez11@gmail.com (J.M.-J.)

2 Universidad Carlos III de Madrid e IAAB, Av. Universidad 30, 28911 Leganés, Madrid, Spain;
eugenia@ing.uc3m.es

* Correspondence: josefina.robles@correo.buap.mx; Tel.: +52-222-229-5500

Received: 19 September 2018; Accepted: 30 September 2018; Published: 29 October 2018
����������
�������

Abstract: Zinc oxide is one of the most important semiconducting metal oxides and one of the
most promising n-type materials, but its practical use is limited because of both its high thermal
conductivity and its low electrical conductivity. Numerous studies have shown that doping with
metals in ZnO structures leads to the modification of the band gap energy. In this work, Al-doped
ZnO, Ni-doped ZnO, and undoped ZnO nanocrystalline powders were prepared by a sol–gel method
coupled with ultrasound irradiation, and the results show the influence of Al3+ and Ni2+ ions in
the ZnO network. The doping concentrations in ZnO of 0.99 atom % for ZnO–Al and 0.80 atom
% for ZnO–Ni were obtained by X-ray Fluorescence (XRF). X-ray Diffraction (XRD) and Raman
Spectroscopy showed a decreased intensity and broadening of main peaks, indicating metallic ions.
The crystallite size of the sample was decreased from 24.5 nm (ZnO) to 22.0 nm (ZnO–Al) and 21 nm
(ZnO–Ni). The textural and morphological properties were analyzed via Nitrogen Adsorption (BET
method) and Field Emission Scanning Electron Microscopy (FESEM).

Keywords: doped; Zinc Oxide; sol–gel; ultrasound

1. Introduction

Zinc oxide (ZnO) is a binary II–VI semiconductor compound with a hexagonal wurtzite structure
and n-type electrical conductivity, with a direct energy wide band of 3.37 eV and an exciton binding
energy of 60 meV [1,2]. This semiconductor has high chemical, mechanical, and thermal stabilities
at room temperature, a low electrical constant, a high electrochemical coupling index, a wide range
of radiation absorption, and high photostability, all of which make it attractive for potential use in
electronics, optoelectronics, and laser technology [3].

ZnO is a transparent, ceramic, conducting oxide with interesting electrical and optical properties.
Doped ZnO powders have several applications that include their use as photocatalysts, ferromagnets,
semiconductors, and piezoelectric and solar cells. This material has low resistivity and good optical gap
energy at low temperatures, and is transparent in the visible region of the electromagnetic spectrum [4].

Many studies have been devoted to analyzing doped ZnO due to its several applications:
solar cells, sensors, photoelectronic devices, diodes (LEDs), UV lasers, photocatalysts, field emitters,
and spintronic and piezoelectric devices. Foreign metallic ions incorporated into the ZnO crystal
lattice can modify the electronic properties of this semiconductor. On the other hand, some studies
have focused on doped ZnO films and powders prepared by several techniques such as sol–gel
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processes [5], chemical bath deposition techniques [6], solvothermal methods [7], coprecipitation [8],
hydrothermal synthesis [9], sputtering [10], spray pyrolysis methods [11], microwave methods [12],
sonochemical methods [13], mechanochemical methods, microemulsion, and combustion synthesis [3].
The incorporation of aluminum and nickel ions into ZnO can be achieved by different methods. Rajeh
et al. studied the conductivity of doped ZnO using different metallic ions of groups II and III (In3+,
Al3+, Ga3+, B3+, Cu2+, Cd2+, and Ni2+) and suggested that conductivity is attributed to native defects or
oxygen vacancies and zinc interstitial defects [14]. Moreover, some authors reported that the presence
of Co2+ and Mn2+ in the matrix of ZnO enhances the magnetic properties [7,15,16]. Additionally, the
reports show a correlation between the oxide semiconductor doped with transition metals and the
metals’ electronic structure in the d orbitals [17]. The transition metals have been potential candidates
for use in doped ZnO to modify the electronic band structure and to study their applications in
semiconductor spintronic devices, spin-polarized light-emitting diodes, magnetic tunnel junctions,
and photovoltaic cells and sensors [18,19]. Metallic ion doping increases the number of free electrons
by replacing Zn2+ in the ZnO crystal lattice structure and thereby modifying the electronic properties
of the oxide semiconductor.

This paper aims to dope ZnO samples with Al+3 and Ni2+ by a sol–gel method assisted by
ultrasound irradiation, also referred to as sonochemistry. The physical phenomenon responsible for
the sonochemical process is acoustic cavitation due to sonic-radiation-generated implosive collapse
of bubbles, increasing the temperature (5000 to 25,000 K). For this reason, the ultrasound can break
the bonds in substances, making reaction times shorter in comparison with conventional heating.
The process starts with the creation of the nucleation center for their later growth and to obtain the
nanocrystalline materials.

The samples were annealed at 450 ◦C to improve their physical properties and raise their
crystallinity. We studied the effect of metallic ion substitution on the structural network and
morphological properties of ZnO as the effect of ultrasound irradiation in the sol–gel process for
obtained nanomaterials. By performing a Rietveld refinement of the ZnO crystal structure, we found
that incorporating Al3+ and Ni2+ into ZnO slightly changed the cell parameters and network volume.

In this paper, a sol–gel method coupled with ultrasound irradiation was used to obtain ZnO
and doped ZnO, decreasing the reaction time and forming nanocrystalline materials. The ultrasound
irradiation provides a short reaction time compared with traditional methods and produces high
temperatures and pressures that favor the formation of nanostructured materials [20]. We suggest
that the use of ultrasound might assist the incorporation of metallic ions into ZnO to change the
morphological, electrical, structural, textural, and optical properties.

2. Materials and Methods

2.1. Synthesis of Powders

Every chemical reagent used in the experiments was obtained from commercial sources as
guaranteed-grade reagents and used without further purification. The undoped and doped ZnO
nanoparticles were synthesized by a sol–gel method coupled with ultrasound. The sources of Zn2+,
Al3+, and Ni2+ were zinc acetate dihydrate (Zn(CH3COO)2·2H2O, Baker ACS, NJ, USA), nickel (II)
chloride hydrate Puratronic (NiCl2·6H2O, Alfa Aesar, Haverhill, MA, USA, 99.995%), and aluminum
chloride (AlCl3, Fermont, Monterrey, México, 99.4%), respectively. The zinc acetate dihydrate was
dissolved in methanol (CH3OH, J. T. Baker, NJ, USA 99.96%), and deionized H2O, ratio 1:1 using an
ultrasound bath until a clear and homogeneous solution with a molar ratio of 0.5 M was obtained.
This solution was adjusted to pH 8 by slow addition of NH4OH until the sol was obtained [21]. Next,
this mixture was magnetically stirred for 1 h. Lastly, ultrasound irradiation over 30 min at intervals
of 2 s was applied using an ultrasonic processor from Sonics & Materials Inc. (Newton, CT, USA)
with a replaceable tapered microtip (3 mm) operated at 750 W and 20 kH. The precipitate was filtered,
then washed with deionized water several times; finally, it was washed with ethanol to get rid of
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any byproducts and excessive start materials, as well as to eliminate salts obtained from precipitation
processes. The obtained gel was kept at room temperature to allow gelification over 72 h until a xerogel
was attained. Then, the samples were ground in an agate mortar and heated in air in alumina crucibles
in a muffle furnace (Prendo model MF) at 450 ◦C for 12 h. To obtained ZnO doped with Al3+ and
Ni2+, the corresponding aqueous metal salt solution was incorporated into the precursor solution ZnO
separately. The dopants used were 2.0 atom %, and the same procedure described above was followed
to obtain the doped ZnO.

2.2. Characterization

XRD measurements were carried out using a Bruker D8 Discover (Bruker, Billerica, MA, USA)
with Cu Kα1 radiation (λα1 = 1.5406 Å). Data were collected over the 2θ range of 20–80◦ with a step
size of 0.02. The phase composition of the samples was determined using the Powder Diffraction File
PDF+4 from the ICDD (International Centre of Diffraction Data) [22]. Phase identification and Rietveld
refinement of the cell parameters were determined using the High Score Plus Software including
Powder Diffraction File PDF+4 from the ICDD. Input data for the Rietveld refinement (space group,
cell parameters, and atomic positions) were taken from T. M. Al-Saaid et al. [23]. A background was
modeled using a polynomial approach, and a pseudo-Voigt function was used for the profile form.
Then, a zero shift; a scale factor; unit cell parameters; U, W, and V profile coefficients; and shape and
asymmetric parameters were refined.

Al3+ and Ni2+ content in the doped powders were determined by wavelength-dispersive X-ray
fluorescence (WDXRF) using a Bruker S8 Tiger spectrometer Discover (Bruker, Billerica, MA, USA).
The quantification of metal ions was realized with the Quant-Express method before calibration of
equipment. This measurement was carried out after preparation of 5 mm diameter pellets with an
applied pressure of 3.5 t cm2.

Optical transmission spectra were recorded using a Varian Cary 400 Scan Spectrophotometer
(Agilent, Santa Clara, CA, USA) equipped with a Harrick DR accessory in a wavelength range of
200–800 nm. Teflon was used as a standard for the baseline. Raman spectra were measured with a
Horiba JOBIN-YVON spectrophotometer (Horiba, Kyoto, Japan).

BET surface area was measured by nitrogen adsorption at 77 K using an Autosorb-1
(Quantachrome Instruments, Boynton Beach, FL, USA) after out-gassing at 398 K for 12 h.
Morphological evaluation of the samples was carried out with a Field Emission Scanning Electron
Microscope (FESEM) (Hitachi SU-70, CREST DIT, Dublin, Ireland). The photoluminescence spectra
were obtained using a NanoLog Spectrofluorometer Horiba NanoLog Model FL-1057 (Horiba, Kyoto,
Japan). The samples were excited at 375 nm using a He–Cd laser at an angle of 30◦ and a Newport’s
HPF fluorescence filter (Newport Corporation, Owen, CA, USA).

3. Results and Discussion

3.1. Structure from XRD Patterns and Raman Spectra

Figure 1 shows the XRD powder patterns of ZnO, ZnO–Al, and ZnO–Ni compared with PDF files
of hexagonal (00-0361451) reported phases for ZnO. Diffraction peak characteristics correspond to the
hexagonal wurtzite structure of ZnO in both doped samples with a preferential orientation along the
(101) plane in every sample, as reported by Guruvammal et al. [24]. The additional secondary phases
of nickel oxides or aluminum oxides were observed, but the intensities of these phases were very low
compared with those of ZnO. We suggested that phases are impurities of process because appear in
all diffractograms.
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Figure 1. XRD powder patterns of ZnO and doped ZnO (Al3+ and Ni2+). Powder Diffraction File (PDF) 
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Figure 1. XRD powder patterns of ZnO and doped ZnO (Al3+ and Ni2+). Powder Diffraction File (PDF)
of hexagonal (00-0361451). The inset shows the broadening and decrease of the main peak (101).

The inset in Figure 1 shows the main peak (101), where we can observe a shift towards lower
angles and decreased-intensity peaks due to an increased microstrain induced by the presence of
foreign ions [25]. Kaneva et al. report variation of the FWHM due to the presence of Ni2+ affecting the
crystallization process by inhibiting the aggregation of the ZnO nanocrystals [26].

Similarly, Yadav et al. reported that the peak broadening is attributed to stress or particle size
variation due to the presence of other atoms in the network [27]. Theoretically, since the ion radii have
a coordination number of 4 (tetragonal site), Al3+ (0.053 nm) and Ni2+ (0.069 nm) radii are smaller than
those of Zn2+ (0.074 nm) [28,29]. Therefore, it is easy for Al3+ and Ni2+ ions to substitute for Zn2+ ions
in the ZnO lattice due to the slight difference between the ionic radii.

The nominal values of crystallite size were determined with a PDF+4 2018 (Power Diffraction File)
module using every diffraction peak. Crystalline sizes of 22.0 nm for ZnO–Al and 21.0 nm for ZnO–Ni,
which are smaller than that of ZnO (24.5 nm) obtained under the same conditions, were observed.
P.K. Sharma et al. reported a decrease in crystallite size due to the incorporation of a foreign impurity
promoting the suppression of nucleation and the subsequent growth rate due to metal ions. These
results indicate that the presence of metal ions affects crystallite size [28]. By performing a Rietveld
refinement of the crystal structure of the samples, we found that the Al3+ and Ni2+ incorporation into
ZnO slightly changed the cell parameters. Furthermore, Table 1 shows the refined cell parameters for
doped samples, taking the ZnO sample as a reference point. We consider only the hexagonal phase in
carrying out this refinement.
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Table 1. Compositional, structural, and textural characteristics of the prepared samples.

Sample
Composition (by XRF) Structural Parameters Textural Parameters

a [Å] c [Å]
V

[Å3]
Rwp
[%] % Zn % O %

Ni,Al
Crystallite
Size t (nm)

Band Gap
Eg (eV)

SBET
(m2 g−1)

Average Pore
Diameter (nm)

ZnO 3.252
(2)

5.209
(4) 47.72 8.45 78.8 21.2 0.00 21.0 3.60 22.0 68.0

ZnO/Al 3.252
(3)

5.211
(2) 47.35 8.27 77.9 21.1 0.99 22.0 3.44 23.0 33.0

ZnO/Ni 3.252
(1)

5.211
(5) 46.10 8.34 78.0 21.2 0.80 24.5 3.39 9.0 36.0

SBET: specific surface, Rwp: weighted profile R-factor.

The results of the nominal values of composition of doped ZnO confirmed the obtained undoped
and doped ZnO (see Table 1) with Al3+ and Ni2+ respectively.

Raman spectra were recorded (Figure 2) under the same conditions for every sample. This
technique is known to be susceptible to the local structure of ions, and it is now generally accepted
that the positions and half-widths of the hexagonal bands are influenced by the preparation method,
impurities, and oxygen vacancies [17,27]. Raman active modes of the wurtzite structure (space group
P63mc) in the ZnO phase have six first-order vibrational modes, named A1, E1, 2E2, and 2B1, and are
expected to appear near the point of their first Brillouin zone [30]. Raman spectra of ZnO, ZnO–Al,
and ZnO–Ni showed peaks at 429 cm−1, 490 cm−1, 604 cm−1, and 707 cm−1. An irrelevant broadening
of the ZnO–Al and ZnO–Ni bands can be observed in comparison to those of the pure ZnO. The
broadening of band E1 may occur due to oxygen vacancies originated by the incorporation of Al3+ and
Ni2+ ions into the hexagonal lattice. This result agrees with those reported by Luthra and Sayari [28,31].
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by ultrasound irradiation.

3.2. Optical Properties

Figure 3 shows optical transmittance spectra of undoped and doped ZnO in the range 300–600 nm.
The optical transmittance in the visible range was 85–90% but decreased in the presence of metallic
ions. The band gaps determined for ZnO and doped ZnO were 3.60 (ZnO), 3.44 (ZnO–Al), and 3.39
(ZnO–Ni) eV. This shift to the red may be attributed to quantum confinement effects [19,32]. Most



Crystals 2018, 8, 406 6 of 10

authors have observed that transition metal ions might additionally introduce d–d transitions into
the UV–Vis spectra if the samples are present in a suitable oxidation state [1,17,33]. In the ZnO–Ni
sample, the absorption band gap was shifted to higher wavelengths due to interband transitions
from the valence band A2g to the T2g level of Ni2+ (3d8, 3A2g, 3T2g) by Ni2+. However, Al3+ increases
free electrons by replacing Zn2+ in the ZnO network structure, hence generating conductivity in the
semiconductor [31].
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In Figure 4, photoluminescence spectra of the undoped and doped ZnO samples show a broad
and intense emission spreading from 425 to 650 nm with an emission at 590 nm, while doped ZnO
samples show that a shift at the 509 nm band is attributed to the presence of metal ions introduced by
crystal defects such as oxygen vacancies because there are changes in the electronic band structure.
This agrees with Samadi et al., who reported that the oxygen vacancies enhanced the photogeneration
of electron–hole separation efficiency [1].
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3.3. Surface Morphological Studies

Figure 5 shows the FESEM micrograph of ZnO, where we can see that the oxide semiconductor
was formed by aggregates and sheets. In contrast, ZnO–Al and ZnO–Ni samples show agglomerate
formations of spherical nanoparticles. We suggest that metal ions changed the surface shape of the
ZnO nanoparticles, the crystal size [1], and the mechanism of aggregation of nanoparticles. Therefore,
the SEM images imply that ion incorporation was one of the factors affecting the surface morphology.
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Figure 5. Field emission SEM (FESEM) images showing the morphology of nanocrystalline (a) ZnO,
(b) ZnO–Al, and (c) ZnO–Ni.

3.4. Textural Properties

The effect of aluminum and nickel doping on the textural characteristics of the powders
prepared by a sol–gel method assisted by ultrasound irradiation was investigated by measuring
N2 adsorption–desorption isotherms. Figure 6 shows the isotherm and pore size distribution of the
doped samples; these isotherms exhibited a narrow hysteresis loop of type H3 and a type II isotherm
that may have been related to the agglomeration and slit-shaped spaces. In contrast with the pure
ZnO, the isotherm was IUPAC type II without a hysteresis loop due to formation of plate-like particles.
The specific surface area (SBET) and other textural parameters are compiled in Table 1. We suggest
that the mesoporosity developed in the samples could have been affected by the ultrasonic irradiation
promoting the incorporation of aluminum and nickel into the network of the wurzite phase. Assuming
that the particles are spheres, the average particle diameter is Dp = 6000/Sesp δ, where δ is the density
in g cm−3 [34]. For ZnO, this was calculated to be 48.6 nm; the value for ZnO–Al is 46.50 nm and the
value for ZnO–Ni is 118.8 nm. These results show a significant difference between the average pore
diameter and the average particle diameter due to the development of plate-like particles in aggregates
of shape semispherical of and slit-shaped spaces, according to the results obtained by SEM.
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