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Abstract: We implemented a simple and inexpensive aqueous sol-gel process to synthesize ZnAl2O4

nanoparticles to study its potential application as a gas sensor. Compared to traditional ceramic
methods, the synthesis was conducted at lower temperatures and reaction times (5 h from 200 ◦C).
The crystalline evolution of the oxide was investigated. The effect of the calcination temperature
(200–1000 ◦C) on the crystallites’ size (16–29 nm) and the ZnAl2O4 powder’s surface morphology
was also analyzed. Measurements confirmed the formation of bar-shaped granules (~0.35 µm) made
up of nanoparticles (~23 nm). The surface area of the powders was 60 m2/g. Pellets were made from
the powders and tested in sensing carbon monoxide and propane gases, showing a high sensitivity
to such gases. The sensor’s response increased with increasing temperature (25–300 ◦C) and gas
concentration (0–300 ppm). The oxide showed a higher response in propane than in carbon monoxide.
We concluded that the ZnAl2O4 is a good candidate for gas sensing applications.

Keywords: controlled synthesis; nanoparticles; spinel structure; ZnAl2O4; gas sensors

1. Introduction

Gas sensors are widely used for different advanced engineering applications, such as
medical diagnosis, environmental care, hazard-monitoring, agriculture, and automotive.
Gas sensor technologies include infrared sensors, photoionization detectors, and solid-
state sensors. There is increasing interest in developing resistive chemical sensors to
be used in technological advances, for example, in IoT (Internet-of-Things) integration.
Some materials employed to fabricate these sensors include metal oxide semi-conductors,
conductive polymers, 2D materials, and carbon nanostructures [1]. Semiconductor metal
oxides are widely studied for their application as the sensitive layer in portable gas detection
systems [2]. These oxides have advantages, such as low cost, easy production, compact
size, simple measurement electronics, high sensitivity, and a wide variety of gases they can
sense [3–5]. The sensing process involves an electron exchange between the test gas and the
surface of the sensitive material, whereby the transduction function is correlated with the
microstructure of the semiconductor oxide [6]. Sensors’ performance is significantly affected
by the chemical composition of the sensitive layer and its microstructural features, mainly
the morphology and particle size [7]. When the particle size is reduced to a nanometric
scale, the surface–volume ratio increases, thus exposing many surface sites and favoring
the adsorption of gases [8]. For this reason, sensors based on nanostructured materials
allow improving sensing properties such as sensitivity and selectivity.

Spinel-type compounds are ceramics with the general formula AB2O4, which have
a wide range of applications due to their interesting physical and chemical properties [9].
Such properties are determined by the nature of the cations that compose them. Their
thermal, electrical, magnetic, optical, and mechanical properties stand out. Different spinels
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exhibit electrical responses when exposed to oxidizing and reducing gases. Thus, spinels are
widely investigated as gas sensors for their thermal stability and semiconductor behavior.
For example, it has been reported that ZnMn2O4 nanoparticles are sensitive to carbon
monoxide, propane, and isopropanol; NiGa2O4 and CoGa2O4 compounds are selective
for triethylenediamine; the MnCo2O4 spinel has been studied as a hydrogen sensor at room
temperature; the Zn1−xCoxAl2O4 nanostructured system is highly sensitive to ethanol, and
ZnFe2O4 spheres are also highly sensitive to ethanol and toluene [10–14]. Among this family
of compounds, zinc aluminate (ZnAl2O4) stands out due to the peculiar arrangement
of cations in its structure, which leads to better mobility of charge carriers [9,15]. Zinc
aluminate is a naturally available mineral that adopts a standard spinel structure (space
group Fd-3m) [16]. This oxide has been extensively studied as a catalyst, catalyst support,
ceramic, optical, and electronic material [16–19]. It has been recently reported that the
ZnAl2O4 is very sensitive to gases (mainly ethanol vapor, hydrogen, H2S, NH4) and
humidity, being, therefore, a potential candidate for gas sensors [9,20–22].

By improving the oxide synthesis processes, the production of materials with con-
trolled morphology and structure, and a better purity level, will rise soon. In this sense,
different routes have been developed to synthesize the ZnAl2O4. Zinc aluminate nanobars
have been prepared by employing a homogeneous co-precipitation process followed by
a heat treatment at 900 ◦C [20]. It has also been synthesized by ball-milling techniques,
calcined at 900 ◦C, and sintered at 1200 and 1400 ◦C [23,24]. Likewise, it has been synthe-
sized through a metal–chitosan complexation process from 500 to 900 ◦C [25]. In previous
studies, we reported that using different types and concentrations of chelating agents is
an adequate strategy for synthesizing mixed oxides—mainly perovskites—and trirutiles,
which allows for controlling the size and shape of the particles [26–28]. Microwave ra-
diation gave us attractive advantages in synthesizing these materials because secondary
reactions (and reaction times) reduced significantly, and the reaction yield increased, which
favored the production of nanoparticles [29]. All this improved the chance of the synthe-
sized materials being applied as gas sensors. Therefore, it is of scientific and technological
interest to continue investigating the synthesis of ZnAl2O4 and its potential application
as a gas sensor. In this work, we propose a microwave-assisted aqueous sol-gel process
to produce ZnAl2O4 spinel powders. One of the goals is to explore the synthesis of the
material by analyzing the effect of temperature on crystalline evolution, crystal size, surface
morphology, structural characteristics, and composition. Another goal is to investigate the
possible use of ZnAl2O4 as a gas sensor, analyzing the effect of operating temperature, gas
concentration, and gas type on the material’s sensitive response. An outstanding aspect of
this work is that nanostructured powders of the material were produced at relatively low
temperatures and with defined surface morphology. Furthermore, the synthesized material
was sensitive to different gas concentrations at several temperatures.

2. Materials and Methods
2.1. Synthesis of ZnAl2O4

To synthesize the ZnAl2O4 oxide with a spinel-like structure, a sol-gel chemical method
assisted with microwave radiation was used. For this process, three solutions were prepared
using 0.010 mol of Al(NO3)3 9H2O (Sigma-Aldrich, St. Louis, MO, USA), 0.005 mol of
Zn(NO3)2 6H2O (Jalmek, San Nicolás de los Garza, Mexico), and 2 mL of ethylenediamine
(Sigma), respectively. For the three solutions, 5 mL of distilled water was used. These
precursor solutions were left under constant stirring at 375 rpm for 10 min at 25 ◦C.
Immediately afterward, the solutions were mixed and left under continuous stirring for
24 h at 25 ◦C. After the stirring, the residual alcohol was evaporated using a domestic oven
(LG, model MS1147 X). In this case, a radiation of ~290 W was applied during time intervals
of 180 s until a paste was formed by maintaining the colloidal solution at a temperature
below 90 ◦C to avoid material loss due to splashes. Temperature control was done with an
Extech IR 403255 thermometer. After the evaporation stage, the next step was drying at
200 ◦C. The obtained powders were grouped for calcinations at 300, 400, 500, 600, 700, 800,



Chemosensors 2023, 11, 105 3 of 18

900, and 1000 ◦C. The drying and calcining processes were done using an oven-type muffle
(Vulcan 5–550) at a heating ramp of 100 ◦C/h. Figure 1 shows a schematic of the ZnAl2O4
synthesis process.
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Figure 1. Schematic of the nanostructured ZnAl2O4
′s synthesis through the aqueous sol-gel route for

gas sensing applications.

2.2. Physical Characterization

The crystalline evolution of the powders was analyzed by X-ray diffraction (XRD,
Panalytical Empire). To perform the analysis, Cu-Kα radiation was used in a 2θ range
from 20 to 70◦ with a step size of 0.02◦/30 s. The morphological characterization of the
calcined powders used the secondary electron signal by scanning electron microscopy (SEM,
Jeol model JSM-6390LV) in high vacuum mode. X-ray energy dispersive spec-troscopy
(EDS-SEM, BRUKER 127 eV XFlash Detector 5010) was employed to discern the chemical
composition of the powders’ surface. The size and shape of the particles were estimated
using a transmission electron microscope (TEM, Jeol model JEM-2010) with an acceleration
voltage of 200 kV. In this case, it was necessary to disperse the powders in isopropanol for
5 min using ultrasound. A drop of the dispersed solution was placed in the microgrid of the
TEM, which was covered with carbon. The microgrid was then dried and set in the TEM
equipment for the analysis. To know the value of the specific surface area of the material,
an N2 physisorption analysis was performed (BET method, BEL Japan Minisorp II). For the
analysis, it was necessary to degas the sample and keep it in a vacuum for 24 h at 25 ◦C. The
value of the bandgap was estimated using a UV-vis spectrometer (Agilent Technologies,
model Cary-300), which contained an integrating sphere of polytetrafluoroethylene (PTFE).

2.3. Sensing Response

Samples’ responses were analyzed in carbon monoxide and propane atmospheres
at concentrations of 0, 5, 50, 100, 200, and 300 ppm. Working temperatures of 25, 100,
200, and 300 ◦C were employed to obtain a profile of the material’s sensing behavior. The
measurements were performed in a vacuum chamber where gas concentration and sensor
temperature were electronically controlled [26–28,30]. ZnAl2O4 pellets (12 mm in diameter
0.5 mm in thickness) were formed by compressing the synthesized powders with a manual
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press (Simplex Ital Equipment-25 Tons), applying 10 tons for 3 min. For this, approximately
0.4 g of the material were used. Two ohmic contacts were placed on the pellets’ surface
using colloidal silver paint (Alfa Aesar, >99%) for contacting the electrodes. The variations
of the electrical resistance were monitored using a Keithley 2001 digital multimeter. Figure 2
shows the equipment employed to perform the sensitivity tests. In this case, the sensitivity
S was calculated using the following equation [3,7,26]:

S =
GG − G0

G0
(1)

where GG and G0 are the material’s electrical conductance measured in the test gas (CO or
propane) and air, respectively.
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Figure 2. Experimental set-up for sensitivity tests in controlled atmospheres and temperatures. An
illustration of the ZnAl2O4 pellets fabrication is depicted in the right corner.

3. Results
3.1. Diffraction Analysis

To study the formation of the material’s crystalline phase, XRD analyzes were per-
formed. Figure 3 shows the diffraction patterns of the powders calcined at 200–1000 ◦C.
Diffraction peaks, identified from 1 to 7 in Figure 3, were observed in the 2θ angular
positions 31.4◦, 36.8◦, 44.8◦, 49.2◦, 55.7◦, 59.6◦, and 65.3◦, corresponding to the cubic phase
of the spinel-like ZnAl2O4.

Peak indexing was performed using the following equation:

sen2∅
h2 + k2 + l2 =

λ2

4a2 (2)

where the left-hand side varied for each peak, while the right-hand term was constant. θ is
the Bragg angle, hkl are the Miller indices, λ is the wavelength of the radiation employed
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(1.5406 Å), and a is the lattice parameter. λ2/4a2 term was ~0.0091 for each peak, assigning
the indices (220), (311), (400), (331), (422), (511), and (440), respectively, to the peaks
1 to 7, corresponding to a face-centered cubic structure. The calculated lattice parameter
was 8.06 Å with a standard deviation of 0.005 Å. Table 1 shows the 2θ angular positions,
interplanar distances (d), crystallographic planes, and lattice parameter (a) estimated by
XRD from the sample obtained at 700 ◦C.
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Table 1. Structural data of ZnAl2O4 with a cubic crystal structure.

Peak 2 (◦) d (Å) λ2/4a2 Plane (hkl) a (Å)

1 31.4 2.9 0.00915 220 8.05
2 36.8 2.4 0.00915 311 8.05
3 44.8 2.0 0.00913 400 8.06
4 49.2 1.9 0.00912 331 8.06
5 55.7 1.7 0.00912 422 8.06
6 59.6 1.6 0.00912 511 8.06
7 65.3 1.4 0.00912 440 8.06

It is worth noting that from 700 ◦C, the peaks were better defined and more intense,
with a low noise level, indicating an improvement in crystallinity. However, it has been
reported in the literature that an increase in the calcination temperature favors the growth
of the particles and, consequently, a low sensing response. For this study, we desired to
obtain the material’s crystalline phase at an adequate temperature for better performance.
For the sample obtained at 700 ◦C, the peaks’ diffraction intensity remained almost constant.
A slight narrowing of the peaks with the increasing calcination temperature was further
observed. The crystallite size was a factor that contributed to the broadening of the
diffraction peaks. The average crystal size D was estimated using Scherrer’s equation:

D =
0.9λ

Bcos∅ (3)
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where B is the peak’s width measured at half its maximum intensity (FWHM) [31]. The
crystallites’ size rose with increasing calcination temperature. This effect can be observed
in Figure 4. From 200 to 600 ◦C, the crystals had an estimated size of less than 20 nm; at
700 ◦C, ~20 nm; from 800 ◦C, their size was greater than 20 nm.
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A comparison of several synthesis methods and temperatures to obtain zinc aluminate
reported in the literature is presented next. For example, samples of Ce-doped ZnAl2O4
were synthesized via a solution combustion process at 500 and 800 ◦C for 2 h, obtaining
platelet-like microparticles [16]. ZnAl2O4 micrograins were synthesized by the sol-gel
method calcining at 750 ◦C for 3 h, obtaining consolidated samples by hot pressing at
1600 ◦C for 1 h [17]. ZnAl2O4 nanorods were also synthesized using a coprecipitation
approach followed by heat treatment at 900 ◦C for 3 h [20]. A series of spinel-like com-
pounds were synthesized by the citrate sol-gel method, where ZnAl2O4 was obtained
after calcination at 700 ◦C for 5 h [21]. ZnO/ZnAl2O4 composite oxides were prepared
by calcining hydroxides and the products at 600–1000 ◦C for 5 h [22]. On the other hand,
ZnAl2O4 ceramic powders were obtained by means of sol-gel synthesis from acetates and
metal alkoxides and calcining at 700, 800, and 900 ◦C for 2 h. The material consisted of
particles with a size smaller than 5 µm [23]. Samarium-doped zinc aluminate was prepared
by a grinding process, where several sintering stages were performed at temperatures of
up to 1200 ◦C [24]. In addition, ZnAl2O4 nanocrystals were prepared by metal-chitosan
complexation methods and calcining at 500–900 ◦C for 4 h [25]. Table 2 summarizes the
main methods used to synthesize the zinc aluminate spinel. Our results show that our syn-
thesis method is a suitable and straightforward way to synthesize nanocrystalline ZnAl2O4
at relatively low temperatures and without secondary phases.

Table 2. Comparison of synthesis methods for the ZnAl2O4 spinel.

Material Method T (◦C) Time (h) Microstructure Reference

Ce:ZnAl2O4 Solution combustion 800 2 Microparticles [16]
ZnAl2O4 Sol–gel and pressing 750–1600 1–3 Micrograins [17]
ZnAl2O4 Co-precipitation 900 3 Nanorods [20]
ZnAl2O4 Citrated sol-gel 700 5 Not reported [21]

ZnO/ZnAl2O4 Calcinations 600–1000 5 Microblocks [22]
ZnAl2O4 Sol–gel 700–900 2 Microparticles [23]

Sm:ZnAl2O4 Ball milling 1200 6 Not reported [24]
ZnAl2O4 Complexation 500–900 4 Nanocrystals [25]
ZnAl2O4 Aqueous sol-gel From 200 5 Nanocrystals This work
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3.2. SEM Analysis

Scanning electron microscopy (SEM) was used to analyze the powders’ microstructure.
Figure 5 shows SEM images of the samples obtained at temperatures 200–1000 ◦C. In the
micrographs of the powders synthesized from 200 to 700 ◦C (Figure 5a–f), it is observed
that a large quantity of bar-shaped granules grew in all directions on localized areas
of microplates, which acted as a substrate. For the powders calcined at 800 and 900 ◦C
(Figure 5g,h), laminar-shaped microstructures like flakes (diameter ~1.5 µm) were observed,
and no microbars were identified like those obtained at 200–700 ◦C. These changes in surface
morphology are attributed to the temperature effect that causes particle growth and surface
densification [32], which was observed more clearly in the sample obtained at 1000 ◦C
(Figure 5i).
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Figure 6 shows a more detailed SEM analysis of the ZnAl2O4 powders obtained at
700 ◦C, where bar-shaped microstructures, a defined XRD pattern, and a crystal size of
~20 nm were still observed (see Section 3.1). SEM images are depicted at three magnifica-
tions: (a) 2300×, (b) 11,000×, and (c) 23,000×. The bar-shaped granules’ size was estimated
to be 0.23–0.52 µm, with an average size of ~0.35 µm and a standard deviation of ~0.09 µm.
Figure 6d shows the size distribution.

The use of ethylenediamine, a potent coordination agent, has been favored in recent
years to synthesize inorganic materials [27,28]. Zn and Al ions form translucent whitish
suspensions with this chelating agent. Rod, tube, and wire-shaped structures have been
documented using this amine [33]. Ethylenediamine facilitates the formation of crystalline
phases at relatively low temperatures [34]. It acts as a template that, as a first step, is
incorporated into the inorganic network to subsequently escape from it, forming the desired
nanocrystals and morphologies [35]. The presence of this amine determines the geometric
features of the formed nuclei. The morphologies thus obtained follow the crystallization
principles described by LaMer and Dinegar [36].
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Figure 7 shows a typical EDS-SEM spectrum of the ZnAl2O4, where Zn, Al, and O
characteristic lines are observed according to the material’s chemical composition. For zinc,
the peaks corresponded to lines Ll, Lα, Kα, and Kβ located at 0.88, 1.01, 8.63, and 9.57 keV,
respectively. Aluminum’s peak corresponded to the characteristic Kα line, whose energy
was 1.48 keV. For oxygen, the line was Kα with an energy of 0.53 keV. The low-intensity line
near the 0.28 keV corresponded to carbon, possibly due to the tape used to hold the sample
during the analysis. The EDS-SEM analysis determined that there were no impurities or
extraneous elements in the material, supporting the results obtained by XRD.
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3.3. TEM Analysis

Transmission electron microscopy (TEM) was used for a more detailed study of the
ZnAl2O4 microstructures. Figure 8 shows a TEM image of the powders synthesized at
700 ◦C. Figure 8a,b show sets of nanoparticles in close contact. Through the analysis, we
estimated a particle size of 11–35 nm, with an average of 23 nm and a standard deviation of
6 nm (Figure 8c). The particle size was close to that estimated by XRD applying Scherrer’s
equation. Some mesopores (2–6 nm in diameter) on the particles can also be observed,
which is one of the oxide’s important features for its application as a gas sensor. Figure 8e
is a high-resolution TEM image (HRTEM) of an area of the sample shown in Figure 8d.
In the HRTEM image, rows of atoms can be distinguished, with an interplanar distance
of ~0.29 nm corresponding to the (220) planes of the ZnAl2O4 structure. Figure 8f shows
an electron diffraction pattern in a selected area (SAED) of the nanoparticles. The SAED
pattern shows the characteristic rings of nanometric polycrystalline materials. The first
six rings of the electron diffraction pattern were indexed, for this the following equation
was used:

rd = λL (4)

where r is the radius of the diffraction ring, d is the interplanar distance, λ is the wavelength
associated with the electron beam (0.0025 nm at 200 kV), and L is the chamber length
(8 cm). The calculated interplanar distances were 2.8, 2.4, 2.0, 1.9, 1.7, and 1.6 Å for the
analyzed rings, respectively. These distances corresponded closely with those calculated by
XRX. The cell parameter calculated by electron diffraction analysis was 8.08 Å, coinciding
with the value obtained by XRD and the theoretical value for ZnAl2O4, confirming the
phase obtained.
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3.4. Nitrogen Adsorption

Figure 9 shows a nitrogen adsorption–desorption isotherm of the ZnAl2O4 powders.
The isotherm’s shape was of type II with a type III hysteresis curve, characteristic of
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macroporous or non-porous adsorbents. The powders’ surface area was 60 m2/g. Particle
size was estimated based on the BET surface area with the formula following formula [19]:

DBET =
6000

ρ ∗ SBET
(5)

where DBET is the particle size (nm), ρ is ZnAl2O4
′s theoretical density (4.62 m2/g), and

SBET is the BET surface area. The particle size (BET) was estimated at 22 nm, which closely
coincides with the value obtained by TEM (23 nm) and has good correspondence with the
crystallite size estimated by XRD (20 nm) using the Scherrer formula.
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3.5. UV-Vis Analysis

The optical absorption of the ZnAl2O4 was studied by UV-Vis spectroscopy. The
spectrum is presented in Figure 10. The inset of Figure 10 shows a graph of (αhv)2 versus
the photon energy E in the absorption region. The forbidden bandwidth Eg for the ZnAl2O4
was calculated using Tauc’s formula [37–39]:

∝ (E) = A

(
E− Eg

) 1
2

E
(6)

where E is the energy of the incident photon, α the optical absorption coefficient, Eg the
width of the forbidden band, and A the constant of proportionality. Eg (=3.16 eV) was the
intercept of the experimental data’s linear correlation assuming a direct transition.
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3.6. Gas Response Measurements

Figure 11 show ZnAl2O4
′s response in the carbon monoxide and propane atmospheres,

respectively, at temperatures 25, 100, 200, and 300 ◦C. The material did not react to the gases
at room temperature since the thermal energy was not enough to cause desorption reactions.
The material exhibited a response from 100 ◦C, increasing with the rising temperature at
different concentrations of the gases. In CO, the response at 100 ◦C was 0.02, 0.06, 0.18,
0.29, and 0.39 to the respective gas concentrations of 5, 50, 100, 200, and 300 ppm; at 200 ◦C:
0.12, 0.26, 0.60, 1.57, and 3.1 to the same concentrations; at 300 ◦C: 0.04, 0.40, 1.02, 1.99,
and 6.97. In propane, respectively, at 100 ◦C, 0.03, 0.11, 0.20, 0.47, and 1.49 to the given
concentrations; at 200 ◦C: 0.07, 0.61, 1.93, 6.78, and 53.5; at 300 ◦C the response increased
significantly: 0.26, 1.30, 4.23, 21.8, and 81.5.
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(a,b) CO, (c,d) propane.

ZnAl2O4
′s response to the test gases depended on the complex interaction at the

gas-solid interface. Oxygen played a crucial role in the sensor’s response since it adsorbed
on the material and acted as an intermediary between the gas phase and the sensitive layer,
capturing electrons and forming chemisorbed oxygen species [40]. The formed species
depended on the operating temperature. At temperatures below 147 ◦C, the O2− species
predominated. With the increase in temperature, the O2− species transformed into the
more reactive O− and O2− ionic species [41]. In summary, the temperature was a crucial
factor in the material’s response (as seen in Figure 11) since increasing the temperature
increased the desorption reactions.

Figure 12 shows the curve fitting of the ZnAl2O4‘s response as a function of the op-
erating temperature (Figure 12a,b) and as a function of CO and propane concentration
(Figure 12c,d). An ascending linear correlation is observed for CO (Figure 12a) and propane
(Figure 12b) with a correlation coefficient R2 greater than 0.9 in the temperature range of
100–300 ◦C. This behavior is mainly attributed to the fact that the increase in the oper-
ating temperature favors the reaction kinetics between the ZnAl2O4 surface and the CO
and propane gas. On the other hand, a nonlinear behavior is observed as the concentra-
tions of CO (Figure 12c) and propane (Figure 12d) increase with an R2 coefficient greater
than 0.9. Thus, as the gas concentration increased, there was a noticeable increase in the
material’s response.
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Figure 12. Curve fitting using linear and nonlinear regression of ZnAl2O4’s response in propane and
CO as a function of: (a,b) temperature, (c,d) gas concentration.

Selectivity refers to a characteristic that determines whether a sensor selectively re-
sponds to a specific gas or group of analytes. According to Figure 13, the ZnAl2O4 tended
to show higher selectivity in propane than in CO atmospheres. The great ability to de-
tect propane concentrations of 300 ppm at 300 ◦C was mainly because the gas molecules
were oxidized by the oxygen (O−) [41] present in the pellets’ surface, causing a greater
electron release on the surface and, therefore, a greater change in electrical resistance of
the ZnAl2O4. Furthermore, when the gas concentration rose, the number of gas-phase
molecules increased and reacted with the oxygen (O−) [7,41], provoking a higher material’s
response. It is reported in the literature that the O− is normally more dominant at tempera-
tures between 300–450 ◦C [7,42], like in our case, at 300 ◦C. The presence of O− favored the
ZnAl2O4 pellets to show greater ability and selectivity to detect propane concentrations.
This is corroborated by comparing the maximum responses recorded in propane (~82) and
in CO (~7) at 300 ◦C.

The most accepted mechanism for explaining the sensing of n–type semiconductors
(like the one studied here) refers to a band bending and the formation of a zone of electron
depletion (space charge layer) due to the oxygen adsorption, forming Schottky barriers
on the intergranular surface that electrons must overcome for the conduction process to
occur [42]. When the sensor is exposed to a reducing gas such as CO, it reacts with the
adsorbed oxygen, forming CO2 and releasing electrons (Figure 14). The band bending is
then reversed, decreasing the zone of electron depletion and the material’s resistance. A
similar reaction occurred with propane gas. That has been described in a general manner
by the following equations [42–44]:

2CO + O−2 → 2CO2 + e− (7)

CO + O− → CO2 + e− (8)

C3H8 + 10O− → 3CO2 + 4H2O + 10e− (9)

where O2− and O− are surface oxygen ions and e− are bulk electrons.
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According to Equations (7)–(9), the high selectivity towards propane gas can be
attributed to the fact that 10 electrons are released to the material‘s surface when a
propane molecule is adsorbed (Equation (9)), which generates a change in the material‘s
response. In contrast, in the CO detection tests, 1 electron is released to the surface
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(Equations (7) and (8). As a result, the chemical reaction that takes place between the
propane and oxygen molecules (as O2−, O−, or O2−) on the material’s surface is increased,
giving rise to a high electrical response (i.e., changes in the electrical resistance).

An essential parameter for applying a semiconductor as a gas sensor is the change in
electrical resistivity (ρ) when exposed to gaseous atmospheres. In this work, the ZnAl2O4’s
resistivity variations were estimated as a function of the test gases’ concentrations and the
operating temperature (100–300 ◦C). For this, we took into account the pellets’ dimensions
(thickness = 0.1 mm, diameter = 12 mm) and the formula [28]: ρ = RA/t, where R is the
pellets’ electrical resistance in concentrations of CO and C3H8 in air, A is the cross-sectional
area, and t is the pellets’ thickness. The results are shown in Figure 15.
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As expected, tests at 100 ◦C showed small resistivity changes in CO atmospheres
(Figure 15a). The variations were more significant (151.42 kΩ–m) when the test was carried
out at 300 ppm of CO. In contrast, in propane atmospheres, a more pronounced drop in
electrical resistivity was recorded as the gas concentration increased (Figure 15b). The most
representative values were at 200 and 300 ppm of propane, which corresponded to 96.32 and
56.80 kΩ–m. These resistivity changes are associated with the oxidation of the test gases,
which increases when injected into the measurement chamber in the presence of air [28,44].
Experimentally, the oxygen species that reacted on the pellets’ surface due to the applied
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temperature (100 ◦C) were O−2 , O−, or O2− [7,32,44]. The temperature was sufficient to
mobilize the material’s charge carriers (electrons), causing the drop in resistivity. This was
confirmed when the operating temperature was increased to 200 and 300 ◦C (Figure 15a,b).
The electrical resistivities at these temperatures at 300 ppm of CO were 16.07 and 2.47 kΩ–m,
respectively. In contrast, at 300 ppm of propane, the resistivities were 1.37 and 0.203 kΩ–m,
respectively. The decrease in electrical resistivity with a rising temperature is associated
with increased mobility of charge carriers on the pellets’ surface [28,42]. This increase
in the charge carriers’ kinetic energy was because the temperature made the test gases
react more strongly with the oxygen species of type O− and O2− (-ionic form) in the
pellets’ surface [45], causing a decrease in electrical resistivity and with it an increase in
the material’s response [28]. This is reflected in the fact that during the detection tests,
the pellets showed an inflection point at 200 ◦C in CO and propane (Figure 15c,d), thus
corroborating that the oxygen’s ionic forms O− and O2− are more reactive and the most
available above 200 ◦C [28,42,45]. In addition, with the rise in the operating temperature,
the gas diffusion on the sensor’s surface was favored, achieving adequate adsorption
and desorption of the gases [7,28,42] and thereby causing the ZnAl2O4 pellets to show
better response, stability, and ability to detect CO and propane at such temperatures
(Figures 11 and 15a–d). The trend shown in Figure 15a–d is commonly reported in the
literature for a semiconductor used as a sensor of toxic atmospheres [7,26,28–30,43,44,46],
as the one studied in this work.

Our results reveal that the ZnAl2O4
′s performance is comparable to, or even better

than, for other mixed oxides: a maximum response of ~7 was reported for CoSb2O6 [45],
ZnSb2O6 [46], NdCoO3 [47], and MnSb2O6 [48]; and ~3 for GdCoO3 [49] at CO concentra-
tions of 200–300 ppm at ~300 ◦C. Such responses were for particle sizes between 70 and
150 nm for trirutile-type CoSb2O6 and microrods for trirtile-type ZnSb2O6, 17 to 151 nm
for perovskite-type NdCoO3, 10 to 60 nm for trirutile-type MnSb2O6, and 85 to 130 nm
for perovskite-type GdCoO3. In propane at the same conditions, maximum responses of
~31.4 for LaFeO3 [26], ~30 for La-CoO3 [34], ~5 for CoSb2O6 [45], ~1.3 for ZnSb2O6 [46],
and ~14.6 for GdCoO3 [49] were reported. Particle sizes of 9 to 54 nm for perovskite-type
LaFeO3 and 18 to 150 nm for perovskite-type LaCoO3 were also reported. The spinel-type
ZnAl2O4 synthesized in this work, with a particle size between 11 and 35 nm, showed
maximum responses of 7 and 82 in CO and propane, respectively, at the same conditions.
Table 3 compares the response to carbon monoxide and propane of several mixed oxides.

Table 3. Gas sensitivity (S) of several materials.

Material Particle Size
Carbon Monoxide Propane

Reference
S C (ppm) T (◦C) S C (ppm) T (◦C)

LaFeO3 9–54 nm 17 200 350 31.4 300 350 [26]

LaCoO3 18–150 nm 5.5 200 350 29.2 300 350 [34]

CoSb2O6 70–150 nm 7 200 350 4.8 300 350 [45]

ZnSb2O6 Microrods 6.7 300 250 1.3 300 250 [46]

NdCoO3 17–151 nm 7.2 300 300 94.1 300 300 [47]

MnSb2O6 10–60 nm 9 300 300 0.5 500 300 [48]

GdCoO3 85–130 nm 3 300 300 14.6 300 300 [49]

ZnAl2O4 11–35 nm 7 300 300 82 300 300 This work

In summary, our synthesized ZnAl2O4 showed high sensitivity to carbon monoxide
and propane gases, even at low concentrations and from 100 ◦C. We know that a direct
relationship does exist between the sensor’s microstructural features and its response. The
thickness of the space charge layer Ls is a function of the charge carrier concentration. If
the thickness is less than 2Ls (Ls is on the order of nanometers), the entire crystal may be
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involved in the space charge layer [50]. The gas-sensing reactions occurred at superficial
active sites through gas adsorption, charge transfer, and subsequent desorption. In this
sense, the large surface area achieved was associated with more active sites, which favored
adsorption. This achievement is related to the synthesis method employed.

4. Conclusions

ZnAl2O4 was successfully synthesized by an aqueous sol-gel method using ethylenedi-
amine as a chelating agent, microwave radiation, and subsequent calcination. The synthesis
route allowed the formation of the pure crystalline phase using temperatures from 200 ◦C
and calcination times shorter (5 h) than those employed by traditional ceramic methods.
The rise in the calcination temperature (200–1000 ◦C) caused a slight increase in the crystal
size (16–29 nm). Material’s topography consisted of a large number of bar-shaped gran-
ules (average size ~0.35 µm) made up of nano-sized particles (average size ~23 nm) and
mesopores (~2–6 nm), covering a surface area of 60 m2/g. By optical response analysis, a
bandgap of 3.16 eV was estimated. Electrical measurements revealed that the synthesized
ZnAl2O4 is a great candidate for the sensitive layer in gas sensors. Pellets made from
the material showed a high response to carbon monoxide and propane. The material’s
sensitive response as a function of temperature increased homogeneously, tending to an
ascending linear correlation. In contrast, as the gas concentration increased, the response
increased significantly with non-linear behavior. Our material showed a more significant
response (i.e., higher selectivity) to propane gas than to CO. The material’s performance
was comparable or, in many cases, better than for other mixed oxides recently reported in
the literature.
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