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Abstract: Mixed oxides have received remarkable attention due to the many opportunities to adjust
their interesting structural, electrical, catalytic properties, leading to a better, more useful performance
compared to the basic metal oxides. In this study, mixed oxides NiO/ZnO/ Al,O3; were synthesized in
a single step via the ultrasonic spray pyrolysis method using nitrate salts, and the temperature effects
of the process were investigated (400, 600, 800 °C). The synthesized samples were characterized by
means of scanning electron microscopy, energy-dispersive spectroscopy, X-ray diffraction and Raman
spectroscopy analyses. The results showed Al,O3, NiO-Al,O3 and ZnO-Al,O3 systems with spinel
phases. Furthermore, the Raman peaks supported the coexistence of oxide phases, which strongly
impact the overall properties of nanocomposite.

Keywords: nanocomposite; ultrasonic spray pyrolysis; mixed oxides; NiAl,Oy; ZnAl,O4

1. Introduction

Nanocomposites are a research hotspot at present, with various applications in day-
to-day technologies. A further improvement in properties is achieved when one of the
components in the composite is reduced to the nanoscale (~1-100 nm). With an increased
surface area, and the quantum effects that arise at this scale, this nanocomposite offers better
electrical, mechanical, chemical, optical, and magnetic properties. Their melting point and
dielectric constant can change when particles reach nanometre sizes [1,2]. Mixed-oxide
nanocomposites are studied due to their potential for an enhanced functional performance
in photocatalysis, sensors and other optoelectronic device applications [3]. The combination
of two or more metals in an oxide matrix can produce materials with novel physical
and chemical properties, leading to an increased performance in various technological
applications [4]. Among the various mixed oxides, nickel oxide (NiO), zinc oxide (ZnO) and
alumina (Al,O3) have been a focus in the semiconductor and chemical and petrochemical
industry due to their distinguished electronic, magnetic and chemical properties. These
mixed metal oxides are widely used in the field of adsorption and catalysis. They are used
in many catalytic reactions in chemical and petrochemical industries, including cracking,
hydrogenation dehydrogenation, reforming, and dehydration [5,6].

NiO is an eco-friendly, stable, low-cost and wide-bandgap material [7,8]. NiO nanopar-
ticles have been a great candidate for ferroelectric p-type semiconductors with a wide band
gap (3.6-4.0 eV). Recently, NiO materials have been used in technological fields such as elec-
trochromic test equipment, supercapacitors, rechargeable lithium ion batteries as electrodes,
magnetic recorders, photocatalysts, adsorbents, etc. [9]. ZnO nanoparticles, which have a
large band gap (3.37 eV) and large exciton binding energy of 60 meV at room temperature,
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have a wide range of uses [10]. ZnO is of great interest due to its potential applications in
various fields, such as gas sensors, biosensors, catalysis, solar batteries and as electronic,
piezoelectric and optical devices, as well as in ultraviolet (UV) protection, cosmetics and
paints [9,11,12]. Al,O3 has unique properties that made it one of the most important engi-
neering materials of the late twentieth century, including chemical stability, high hardness,
and a high melting temperature, which allowed it to be used in many areas, especially in the
manufacture of ceramics, refinement, and optics. It is found in several patterns that differ
from each other in terms of their crystalline structure and physical and chemical properties,
in addition to its various applications [13]. Al,Oj3 is one of the most common ceramic
materials, used as a catalyst, adsorbent and abrasion-resistant coating [14]. It is a very
important adsorbent, with surface activity species (A1>*, 0>~, OH~ group decomposed and
proton defects), and acts as an adsorption center for different gases. In this regard, in the
gas-sensing process, Al,Os increases the adsorption amount of oxygen and the tested gases.
Moreover, transition metal oxides deposited on the Al;O3 surface have a high dispersion
form [15]. The ZnO/ Al,O3 nanocomposite is used for UV emission [16]. Composites from
Al,O3-NiO systems with spinel-phase nickel aluminate (NiAl,Oy) are used as catalysts or
precatalysts for steam reformation or as electrode materials in high-temperature fuel cells
due to their unusual conductivity [17]. Zinc aluminate (ZnAl;Oy), is a mixed oxide with
spinel structure that is currently used as high-temperature material, sensors, electronic and
optical materials, and catalyst support [18]. ZnAl,O4 has a much higher photocatalytic
activity than a single oxide [19]. NiO/ZnO/ Al,O3 nanocomposites are used as catalysts
in industrial processes such as hydrogenation and dehydrogenation reactions, petroleum
refining, deoxygenation, CO, reduction and fuel cells [20,21]. Other applications, such as
protective barriers, electrochromic material and sensors, are also available [22].

Two strategies are used in the synthesis of nanomaterials: top-down and bottom-up.
In the top-down approach, bulk particulate materials are broken down into smaller and
smaller particles. This approach is mostly applicable for solids and dispersed solids. In
the bottom-up approach, nanoparticles are built up one atom or molecule at a time. This
is applied mostly in the gas or liquid phases. Usually, the nanoparticles obtained by the
bottom-up approach are purer and have a better control of particle size and surface chem-
istry [23]. Different methods, such as sol-gel, hydrothermal, homogeneous precipitation [3],
solid-state reaction, sonochemical method and the ultrasonic spray pyrolysis (USP) method,
are used to produce nanocomposites [2,14]. The method selection depends on the ease of
the method, the type and properties of the nanocomposite, etc., in its preparation. The
growth of controlled-size nanoparticles is an intricate task. The reported methods have
many drawbacks, since they need complex equipment, higher processing temperature
and a longer reaction time [12]. The spray pyrolysis method consists of sequential and
continuous processes of nebulization, precipitation, pyrolysis, and sintering to construct
particles with homogeneous compositions, allowing for the precise control of solid-state re-
action output and chemical composition [24,25]. Compared with the traditional nozzle, an
ultrasonicator can nebulize the coating solution into ultra-tiny and foggy droplets between
1 pm and 5 pm with more homogeneous nano- and submicron particle sizes [25]. The USP
technique is used for its low cost and its simplicity to implement, to fabricate oxide with
good qualities [26].

Lu et al. [27] synthesized a flower-like NiO/ZnO composite by a two-step hydrother-
mal process, where the NiO nanosheets grew on the surface of the ZnO hexagonal nanorods.
Kaur et al. [28] developed a gas sensor based on branch-like NiO/ZnO heterostructures.
The synthesis process contained the growth of NiO nanowires on a substrate via the vapour-
liquid-solid mechanism, and then the formation of ZnO nanowires directly on the former
NiO nanowires using the vapour-solid technique. Zhu et al. [29] synthesized a hierarchical
flower-like NiO/ZnO composite via a one-step hydrothermal approach. The gas-sensing
properties of the NiO/ZnO composite were investigated via exposure to different ethanol
concentrations at various operating temperatures. Li et al. [30] synthesized nanostructured
ZnO/NiO microspheres with a nanorods-composed shell and a microsphere yolk via the
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controlled calcination treatment of bimetallic organic frameworks in air. Kim et al. [31]
prepared a three-dimensional (3D) sphere-like structured ZnO-NiO nanocomposites via a
simple, one-pot solution process. They investigated the effects of annealing temperatures
on the morphological properties of sphere-like structured ZnO-NiO nanocomposites. Ma-
hajan et al. [32] produced NiO/ZnO composite powder using a solid-state reaction method.
The dielectric constant of the composite powder was measured using impedance spec-
troscopy. From room-temperature dielectric measurements, it was observed that, at 1 kHz
frequency, the dielectric constant for ZnO, NiO and NiO/ZnO composite powder was 8.3,
43.9, and 14.9, respectively. Li et al. [15] combined NiO and Al,O3 into one system and
investigated the gas-sensing properties of the composite. The activity species on its surface
are centers of adsorption for different gases. Lei et al. [33] present a facile and low-cost
method to synthesize hierarchical porous ZnO-Al,O3 microspheres through a hydrother-
mal route. The hierarchical porous ZnO-Al,O3; composite has a higher adsorption ability
compared with pure ZnO and Al,O3. Ullah et al. [34] produced ZnO-Al,O3 composite
oxides with an improved structure, synthesized by the freeze-drying modified cation-anion
couple hydrolysis (CADH) technique and supported by Ni, and it was determined that
the desulfurization capacity is high. Li et al. [35] compared NiO/y-Al,O3 nanofibers with
TiO, nanoparticles, one of the most commonly used photocatalysts. Considering their
recyclability and structural integrity, it is understood that NiO/y-Al,O3 may have practical
photocatalyst applications in environmental controls such as air/water pollution.

In this study, mixed oxides NiO/ZnO/Al,O3; were synthesized via the USP method
and a series of tests were conducted to characterize the nanocomposite particles. To the
best of our knowledge, it is still a great challenge to utilize a simple and facile route to
synthesize the mixed oxide nanocomposite. This study aims to introduce a single-step,
facile process route for the production of new, mixed-oxide nanocomposite particles.

2. Materials and Methods

Mixed oxides NiO/ZnO/Al,O3 were synthesized via the USP method using an
aqueous solution of nitrate salts under a 1 L min~! air flow rate at different temper-
atures (400, 600, 800 °C). The chemicals used in the preparation of the mixed oxides
were high-purity from Sigma Aldrich. The salts used were nickel nitrate hexahydrate
(Ni(NO3)2-6H,0), zinc nitrate hexahydrate (Zn(NOs),-6H;0), and aluminium nitrate non-
ahydrate (AI(NOj3)3-9H0). The nitrate salts were dissolved in distilled water with a
concentration of 0.2 M. Then, the solution was magnetically stirred at room temperature
for 15 min at 500 rpm. Experimental parameters of syntheses are summarized in Table 1.

Table 1. Experimental parameters.

Process Ni(NO3), Zn(NO3), Al(NO3)3; Ultrasonic Air Flow
Temperature 6H,O 6H,0 9H,0 Frequency Rate
O M) ™M) ™M) (MHz) (L min—1)
400 0.2 0.2 0.2 1.3 1
600 0.2 0.2 0.2 1.3 1
800 0.2 0.2 0.2 1.3 1

The experimental setup is illustrated in Figure 1. The set up consists of an ultrasonic
atomizer, quartz tube, furnace, and collection chamber. The quartz tube was placed
inside the furnace (Nabertherm, R50/500/12-B) with a temperature control of £1 °C.
An ultrasonic nebulizer with a frequency of 1.3 MHz (Ramine Baghai Instrumentation,
Pyrosol 7901, Meylan, France) was used for aerosol generation from the precursor solution.
The aerosols were carried into the preheated furnace by air. The removal of water occurred
in the first sections of the furnace. Continuous thermal decomposition reaction of nitrates
to oxides took place in the quartz tube at 400, 600 and 800 °C. The particles were collected
in collection chambers in distilled water.
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Figure 1. General view of the experimental setup.

The thermodynamics of the decomposition reaction of metal nitrates were investi-
gated by HSC Chemistry software (HSC Chemistry 10, Metso Outotec, Helsinki, Finland).
The crystal structures of the synthesized NiO/ZnO/Al,O3; were analysed with an X-ray
diffractometer (XRD: Rigaku MiniFlex, Tokyo, Japan), using Cu K radiation (A = 1.5405 A).
The samples were scanned in the 26 range of 5-90°. The step angle and scan speed were
kept at 0.02° and 2° min~!. Morphology investigations of the specimens were inspected
with scanning electron microscopy (SEM: FESEM; JSM 7000F, JEOL Ltd., Tokyo, Japan). The
working distance of the samples from the tip of the electron gun and the accelerating volt-
age was adjusted to 10-15 mm and 5 kV, respectively. Energy dispersive X-ray spectroscopy
(EDS: Oxford INCA, Abingdon, UK) was also used to investigate the chemical composition
of mixed oxides. Raman spectrums of mixed oxides NiO/ZnO/ Al,O3 composite specimens
were measured using Raman spectrometer (Horiba HR800UV, Kyoto, Japan) equipped
with a 632 nm laser for sample excitation.

3. Results and Discussion
3.1. Thermodynamic Analysis

The possible reaction equations during the decomposition of metal nitrates to mixed
metal oxide particles were assumed as shown in Equations (1)—(3). The Gibb’s free energy
(AG®), the reaction equilibrium constant and reaction equilibrium amounts were computed
by HSC Chemistry software for the temperature range of 0-1000 °C. In spray pyrolysis,
aerosol droplets of the dissolved salts are carried into the furnace. When the droplets meet
the hot zone, the salt precipitates due to the evaporation of solvent, which is water, and
then pyrolysis reactions take place. Thus, the reaction thermodynamic was calculated using
metal salts. Figure 2 shows the changes in the Gibbs free energies and the logarithmic
values of reaction equilibrium constant (Kp; partial pressure of reaction products divided
by partial pressure of reactants in equilibrium condition) as a function of temperature.

2Ni(NO3),-6H,0 — 2NiO + 4NOjg) + 12H20 + Oy @

221‘1(NO3)2-6H20 — 27Zn0 + 4N02(g) + 12H20 + Oz(g) (2)
2A1(NO3)36H20 — A1203 + 6N02(g) + 12H20 + 3/202(g) (3)
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Figure 2. Thermodynamic investigation of the decomposition reactions for Ni, Zn and Al -nitrate
salts to oxide forms; changes of (a) Gibbs free energy and (b) reaction equilibrium constant as a
function of temperature.

At the chosen reaction temperatures, the Gibbs free energies for the decomposition of
Al-, Zn- and Ni- nitrate salts to their oxides obtain negative values at temperatures above
185, 220 and 314 °C, respectively. Considering the continuous gas flow and their effect on
removing the gas reaction products around the nucleated particles, the obtained reactions
are spontaneous at the chosen process temperatures.

The changes in reaction equilibrium amounts caused by an elevation of temperature
are given in Figure 3. According to the thermodynamic results, the formation of Al,O3
starts at a lower temperature than the others, and ZnO nucleation follows. In a tube furnace,
as used in the experiments, there is a slight temperature gradient from the entry into the
inner zone. Thus, Al,O3 should primarily nucleate, and the following decompositions of
metal salts can lead to the formation of metal (zinc and nickel) aluminates.

(a)

Equilibrium Amount, kmeol
-
&

100.0 2000 300.0 4000 5000 6000 700.0 800.0 9000 1000.0
Temperature, °C

(b)

Equilibrium Amount, kmol

100.0 000 300.0 400.0 500.0 600.0 700.0 800.0 00.0 1000.0
Temperature, °C

Figure 3. (a) Calculated reaction equilibrium amounts for decomposition reactions of metal nitrates.
(b) Shows the magnified region of the graphic (a) (between Equilibrium amounts, kmol 0.00-1.00).
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3.2. XRD Analysis

The XRD patterns of samples via produced at different temperatures are shown in
Figure 4. X'Pert Highscore Plus was used to assign the phases. The diffraction peaks of
mixed oxides were identified and assigned to crystalline alumina (Al;O3), a cubic NiAl,Oy
(space group: Fd-3m) and a cubic ZnAl,Oy (space group: Fd-3m).
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Figure 4. XRD patterns of mixed oxides NiO/ZnO/Al,O3 obtained with different reaction tempera-
ture: (a) 400 °C; (b) 600 °C; (c) 800 °C.

Al,O5 peaks’ positions were identified by comparing with JCPDS file No. 00-046-1215.
The peaks of the Al,O3 were the hkl reflection of 010 and 021 at 26 of 11.09° and 23.68°,
respectively. ZnAl,O4 peaks’ positions were identified by comparison with JCPDS file
No. 00-005-0669. The characteristic peaks at 26 of 31.2°, 36.75°, 44.7°, 49.1°, 55.6°, 59.3°,
and 65.3° are corresponding to (220), (311), (400), (331), (422), (511), and (440) diffraction
planes [18,36,37]. The peaks of the ZnAl,O4 were the hkl reflection of 311 and 440. NiAl,O4
peaks’ positions were identified by comparison with the diffraction data from the JCPDS
file No. 10-0339. The major peaks for a cubic phase NiAl,Oy4 (space group Fd-3m) were
the hkl reflections of 311, 400, 422 and 440 [17,38-40]. The peaks at 26 of 36.28°, 42.70°,
55.9° and 62.4° represent NiAl,O4. It was noted that the peaks of ZnAl,O4 and NiAl,O4
were shifted to slightly lower 26 values compared to those of stoichiometric ZnAl,O, and
NiAl,Oy. This indicated that spinel in obtained nanocomposites was non-stoichiometric.
When the reaction temperature was increasing, the diffraction peaks of the samples were
slightly expanded (Figure 4). For NiAl,O4 and ZnAl,O4 samples, no peak characteristics
of NiO and ZnO were seen, indicating the fine dispersion of these species on the NiAl,Oy4
and ZnAl,O4 supports, respectively, or a possible overlap with the supports’ diffraction
peaks [41].

3.3. SEM Analysis

SEM-EDS results of mixed oxides NiO/ZnO/ Al,O3 particles, which were produced
at different temperatures (400-800 °C) from initial solutions at 0.2 M concentration, are
shown in Figure 5.
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Figure 5. SEM results of the NiO/ZnO/ Al,O3 particles: (a) x10,000; (b) x20,000 magnification for
the samples of 400 °C; (c) x10,000; (d) 20,000 magnification for the samples of 600 °C; (e) x10,000;
(f) x<20,000 magnification for the samples of 800 °C.

The SEM images show the mixed oxide particles of nearly spherical and some foliated
shapes. The size of the particles also varies: primary particles are in the nano range, and
submicron size particles are obtained by the aggregation of primary particles. The signifi-
cant reason for this difference is the temperature effects on aerosol droplets, decomposition
reaction and sintering [42,43]. Additionally, particle formation starts with the nucleation of
nano-size aerosol droplets, and then secondary particles form by aggregation due to the
sintering effect of temperature. A calculation was carried out using the SEM analysis results
with the Image] program to find the particle size. The results confirmed that the primary
particles were nanometer size (Max. = 26.84 nm; Min. = 4.11 nm; Average = 8.65 nm) [44].
When the images were examined, it was determined that the particles have a foliated
morphology at 400 °C (Figure 5a,b). Nearly spherical and hollow particles, which be-
gan to reshape through intraparticle sintering, replace the foliated morphology at 600 °C
(Figure 5c,d). Starting with the appearance of a very irregular shape, both a spherical and
foliated morphology were formed at 800 °C (Figure 5e,f). As the temperature increased,
the morphology also changed.

EDS analysis was used to investigate the chemical composition of NiO/ZnO/Al,O3
nanoparticles obtained as a result of experimental studies at different temperatures using
0.2 M solution. The existence of nickel, zinc, aluminum and oxygen as elements in EDS
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results were determined. In addition, no impurities were detected in the synthesized
samples. Table 2 shows the atomic ratios for these analyses.

Table 2. EDS results of NiO/ZnO/ Al,O3 particles produced at different temperatures.

Molarity (M)/Temperature Element (Atomic %)
O o Al Ni Zn
0.2M/400 °C 63.5 7.8 18.0 10.7
0.2M/600 °C 59.2 10.2 18.3 12.3
0.2M/800°C 58.7 9.1 17.1 15.1

3.4. Raman Analysis
Figure 6 shows the results of Raman analyses of NiO/ZnO/Al,O3 nanoparticles
produced at 0.2 M from the initial solutions at different temperatures (400, 600, 800 °C).
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Figure 6. Raman spectra of mixed oxides NiO/ZnO/ Al,O3 were obtained with different process
temperatures: (a) 400 °C; (b) 600 °C; (c) 800 °C.

It is well known that the infrared spectra of spinels are characterized by absorption
bands in the range 400-700 cm ! [45]. A relatively strong absorption band corresponding
to the stretching vibration of the atom in the tetrahedral oxygen environment was located at
~537 cm~! and ~600 cm~! (Figure 6). NiO has typical emission peaks at ~1000-1100 cm !
showing the vibrations occur among Ni-O [39]. Then, the Raman peak of spinels strongly
increases at 600 °C and 800 °C, and NiO vibrations decrease and disappear. Increasing the
process temperature explains the order of magnitude increase in the Raman signal. The
Raman peaks support the observation of the coexistence of NiAl,O4 and ZnAl,O4 phases,
as reported in the XRD analysis.

4. Conclusions

The present work primarily focuses on the production of mixed oxides NiO/ZnO/Al,O3
nanocomposite particles via the USP method. Secondly, the influence of temperature on
both structural and morphology properties of particles was studied. NiO/ZnO/Al,O3
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nanocomposite particles were synthesized in a single step and used a non-cost carrier gas of
air in the system. The X-ray diffraction pattern indicated an Al,O3 phase, NiO-Al,Oj3 sys-
tems with spinel phase NiAl,Oy4, and ZnO-Al,O3 systems with spinel-phase ZnAl,O4 [13].
SEM and EDS analyses clearly showed the submicron sized nearly spherical and leafy
morphology particles containing Ni, Zn, Al and O elements. It has been determined
that the produced NiO/ZnO/Al,O3 nanocomposite particles are composed of primary
and secondary particles. The primary particles are nanometer-size (Max. = 26.84 nm;
Min. = 4.11 nm; Average = 8.65 nm). On the other hand, with increasing temperature, the
sintering and agglomeration mechanism had the most important effect on particle size and
morphology. The optimum operating parameters for NiO/ZnO/Al,O3; were determined
and the process temperature was 600 °C. According to the results of the Raman analysis at
400 °C, a full conversion did not occur and the presence of NiO was detected. However, no
phases other than NiAl,O4 and ZnAl,O4 were found at 600 °C and 800 °C. For this reason,
since conversion is achieved at a lower temperature of 600 °C, it is more advantageous in
terms of cost and provides optimum conditions. This study opens up a promising route for
high-quality NiO/ZnO/Al,O3, as well as various other mixed-oxide nanocomposites.
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