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Abstract

We report the preparation and characterization of pure and doped ZnO nanoparticles with 1%, 3%, and 5% aluminum (AZO)
using a sol-gel method followed by annealing at 400 °C for 2 h. The structural and morphological properties of the AZO
nanoparticles were analyzed using X-ray Diffraction (XRD), Transmission Electron Microscopy (TEM) techniques, and
Scanning Electron Microscopy (SEM) equipped with Energy Dispersive Spectrometry (EDS). Optical and specific area
properties were investigated by photoluminescence (PL) and N, physisorption measurements. The results showed that pure
and doped AZO nanoparticles crystallize under a hexagonal wurtzite structure and exhibit spherical shapes with nanometric
dimensions. TEM and SEM images revealed that the pure and Al-doped ZnO were round nanoparticles with a size smaller
that 100 nm. FTIR measurements were conducted to investigate the presence of Al-O stretching vibrations, which served as
an indication of aluminum incorporation into the ZnO lattice. The results confirmed the successful integration of aluminum
into the ZnO structure. Additionally, XPS measurements were performed to examine the elemental composition of the AZO
samples. The presence of Zn 2p peaks in all AZO samples, along with the presence of Al 2p peaks in the Al-doped ZnO
structures, provided further evidence for the successful incorporation of Al ions into the ZnO lattice. The PL spectra revealed
the presence of various defects (oxygen vacancies, interstitials) in the structure of pure and doped ZnO. Moreover, we
fabricated gas sensors by spray-coating the AZO nanoparticles on alumina substrates equipped with interdigitated gold
electrodes. The sensors demonstrated linear responses to gas concentration in the range of 5 to 50 ppm, with high sensitivity
and good reproducibility, particularly for A1ZO (1% Al-doped ZnO), which exhibited the highest response (~12) at 300 °C
under 10 ppm of acetone. Furthermore, A1ZO demonstrated excellent selectivity to acetone compared to other volatile
organic compounds (VOCs) gases. Our findings highlight the potential of aluminum-doped ZnO nanoparticles as a
promising material for enhancing the sensing properties of acetone gas sensors.
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e High sensitivity and reproducibility to acetone gas with 1% Aluminium-doped ZnO.

o Excellent response to acetone at low temperature (300 °C).

e Remarkable response to low acetone gas concentration.
e Good selectivity to acetone over other VOCs.
e Stable response under varying humidity levels.

1 Introduction

The technologies of today’s industry and research fre-
quently use organic liquids. Monitoring and quantifying the
vapor concentration of these compounds in the air will be an
important undertaking because most of them are extremely
harmful to the environment and human health [1]. The
volatile organic compounds (VOCs) in human breath,
including acetone, ethanol, ammonia, methane, and pen-
tane, act as diagnostic biomarkers for several disorders [2].
Individuals with uncontrolled diabetes or increased fat
metabolism can exhibit elevated concentrations of acetone
in their breath. Acetone is a metabolic byproduct that is
produced when fat is broken down for energy instead of
glucose, a condition known as ketosis. Uncontrolled dia-
betics, specifically those with diabetic ketoacidosis, often
have high levels of acetone in their breath due to the
inability to regulate glucose effectively. In normal healthy
individuals, the typical range of acetone concentrations in
breath varies from 0.3 to 4 parts per million (ppm) [3, 4].
However, when following a ketogenic diet, which involves
consuming minimal carbohydrates and high amounts of fat,
acetone concentrations in breath can significantly increase.
Studies have shown that in adults on a ketogenic diet, breath
acetone levels can reach as high as 40 ppm [5]. This
increase in acetone concentration is attributed to the body’s
reliance on fat metabolism, leading to the production of
ketones, including acetone, as an alternative energy source.
Monitoring acetone levels in breath becomes particularly
important in assessing the effectiveness of dietary inter-
ventions and managing metabolic conditions. Applications
requiring excellent selectivity and low concentration (some
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ppm level) of acetone detection will be needed. Due to its
poor selectivity and low acetone sensitivity, pure zinc oxide
is rarely used to detect acetone gas. There are numerous
ways to enhance sensing capabilities, including designing
microstructures [6], controlling defects [7], creating p-n
junctions [8], and altering precious metals [9].

Chemical sensors built on semiconductor metal oxide
(MOS) are advantageous because of their small size, high
sensitivity, low cost, ability to be integrated into portable
analyzers, and usefulness in the detection of acetone in
exhaled air. Most sensor materials, including In,O3;, SnO,,
Fe,03, TiO,, ZnO, W03, Co304, and others, offer good gas
detection characteristics for each gas (reducing or oxidizing).
In particular, there are reports that chemoresistive sensors
based on MOS materials such as Fe,O5 [10], SnO, [11], WO3
[12], and ZnO [13] have been employed for the detection of
acetone while other VOCs can also be detected. Due to its
intriguing features and multiple uses in solar cells, electronics,
gas sensors, and optoelectronics, zinc oxide, with n-type II-VI
semiconductor material and a high exciton binding energy of
60 meV and a broadband gap of 337 eV, has drawn a lot of
attention [14, 15]. In addition, ZnO is one of the most
desirable metallic oxides because of its relatively easy man-
ufacturing, excellent thermal conductivity, and chemical sta-
bility. The number of surface sites accessible for gas
interaction, the energy band structure, the particle shape, and
the crystal structure of ZnO can all affect the detection
characteristics of the material. According to Li et al. [16], the
ZnO nanowall gas sensor exhibits outstanding acetone vapor
detection capability with a high response value, quick
recovery time, and strong selectivity. Doping semiconductors
with metal oxides is a significant and successful way to
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enhance gas detection capabilities [17]. In fact, the improving
of the selectivity, sensitivity, and stability of gas sensors was
doing by doping with noble metals (Pt, Pd) or other additions
like Cu and Al [18, 19]. By altering the energy band, struc-
ture, and morphology of the nanoparticles, adding additional
gas interaction centers to the semiconducting surface of the
metal oxide, and raising the surface/volume ratio, these
dopants enhance the gas detection characteristics. Doping
ZnO with aluminum can improve the gas detection properties,
according to Hjiri et al. [20]. According to Yoo et al. [21], Al
doping can enhance the ZnO nanopowders (NPs) nanos-
tructure, optical, and gas sensing characteristics for acetone
detection. Doping ZnO with Al increased the detection fea-
tures, such as strong detection response, quick response/
recovery times, good stability, and high selectivity, according
to Koo et al. [22]. The literature suggests that ZnO sensors
generally demonstrate enhanced sensitivity to acetone at ele-
vated temperatures. The temperature range of 200 to 400 °C is
frequently considered suitable for VOC gas detection in
general, and specifically for acetone gas, as it promotes
improved gas adsorption and desorption Kkinetics, thereby
enhancing the sensing performance [23]. At these tempera-
tures, both pure and doped ZnO-based sensors can effectively
interact with VOC molecules, including acetone, facilitating
their adsorption onto the sensor surface and leading to mea-
surable changes in electrical properties [24]. Many techni-
ques, including auto-combustion, sol-gel [25], co-
precipitation, thermal stock [26], laser ablation in liquid [27],
hydrothermal [28], and the sonochemical method [29], were
used to create pure and doped ZnO nanoparticles. The sol-gel
method is one of them, and it has a minimum equipment
requirement and reaction temperature. On the other hand, it
enables the production of materials with a high degree of
purity, crystallinity, and a variety of shapes [30].

In this work, we investigate the sensing performance of
AZO (Aluminum-doped ZnO) materials with varying Al
loadings to optimize the effect of Al on the selectivity
enhancement of ZnO nanoparticles for acetone sensing. We
show that the different Al loadings significantly changes the
sensing properties of ZnO-based gas sensors, particularly in
detecting acetone gas. The mechanisms for sensing acetone
with Aluminum-doped ZnO are unraveled and a better
understanding of the optimal Al concentration that can
enhance the selectivity of ZnO nanoparticles towards acet-
one is provided.

2 Samples preparation
2.1 Nanoparticles synthesis

Zinc oxide doped with aluminum nanopowders was pre-
pared using a sol-gel route with 16g of zinc acetate

dehydrated [Zn(CH3;COO),.2H,0;99%] as a precursor in
112 ml of methanol. After magnetically stirring at room
temperature for 10 min, an adequate amount of aluminum
nitrate-9-hydrate corresponding to the [Al/Zn] ratio of 0,
0.01, 0.03, and 0,05 was added. After 15 min of magnetic
stirring, the solution was placed in an autoclave and dried in
a supercritical condition of ethyl alcohol (EtOH)
(T,=243°C, P.,=63.6bar). Furthermore, the obtained
nanopowders were annealed at 400 °C in the air for 2 h.
Samples are indicated as A0ZO, A1Z0, A3ZO, and A5SZO
for [Al)/[Zn] ratios of 0, 0.01, 0.03, and 0.05, respectively.
Figure 1a shows the basic steps of the preparation protocol
used by the sol-gel route.

2.2 Sensor fabrication and sensing test

The prepared nanopowders (250 mg) were mixed in 2.25 ml
of distilled water. This solution was sonicated using an
ultrasonic of xXW power for 15 min until a uniformly dis-
persed solution was obtained. The solution is then sprayed
on interdigitated gold electrodes printed on alumina (Al,O3)
substrates (C-MAC Micro Technology Company, Bel-
gium), presented in the Fig. 1b. To stabilize the deposited
film and obtain a stable electrical signal, the sensors were
calcined in air for 1 h at 400 °C before sensing tests.

Detection tests were performed in a homemade gas
detection measurement system. The gas system, presented
in Fig. lc, contains a Teflon chamber enclosing the prepared
sensors which were related to a data acquisition system to
operate the sensors at a controlled temperature and perform
resistance measurements while varying the concentration of
the target gas. The electrical system was connected to
computer to treat the obtained results. There are also two
gas cylinders (Formaldehyde and air) controlled by debit-
meters and related to the Teflon cell. Four barboters contain
distilled water and dilute aqueous solutions of ethanol,
methanol, and acetone to provide humidity and targets gases
concentrations in the sensing cell.

The gas sensing performances were carried out by
measuring the variation in electrical resistance between the
air and the target gas. Before the test, commercial synthetic
air (79% N, 4+ 21% O,) was injected into the chamber until
the electrical resistance stabilized. After that, acetone gas
was introduced into the chamber to obtain the desired
concentration of 5, 10, 20, 30, and 50 ppm, which take
15min of injection time, and then the acetone gas was
removed. These tests were performed at 50% humidity by
bubbling the gas in distilled water. The gas response was
defined as the ratio R = (Rgi;—Rgqs)/Rgqs, Where Ry and
Ry, are the electrical resistance at 50% humidity of the
sensor in air and at different concentrations of acetone gas,
respectively. Response/recovery times were evaluated at
90% resistance change after exposure to target gas and air.
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To ensure stable and accurate sensing experiments, pre-
cautions were taken regarding the high-temperature range
and its impact on the Teflon material and testing environ-
ment. During the experiments, the sensor was heated to the
desired temperature range of 200-350 °C while maintaining
a safe distance from the Teflon cell to avoid any direct
contact. To address any potential temperature-related issues,
the testing environment within the Teflon cell was carefully
controlled. In both the air and gas injection processes,
measures were implemented to cool the environment inside
the cell, ensuring that the high temperature did not
adversely affect the Teflon material or interfere with the
stability of the sensing experiments. These precautions
allowed for reliable and consistent data collection without
compromising the integrity of the experimental setup or the
accuracy of the results.

2.3 Characterization
The crystal structure and particle size were investigated by
X-ray diffraction (XRD, Bruker AXS D8 Advance) and

measurements. The Fourier-transform infrared spectroscopy
(FT-IR) analysis was performed using a BRUKER IFS 66 v/

@ Springer

s FTIR spectrometer. The spectrometer’s scanning range
spanned from 3000 to 450 cmfl, and the FT-IR operated in
absorbance mode, allowing for precise measurements of
sample characteristics. XPS experiments were conducted
using a PHOIBOS HSA3500 MCD-9 device with normal
emission configuration. The photoemission spectra were
analyzed by fitting them with a convoluted Gaussian and
Lorentzian function. The morphologies of the prepared
nanoparticles and deposited layers were obtained by trans-
mission electron microscopy (TEM) and scanning electron
microscopy (SEM). TEM was performed with a JEOL JEM
2010 electron microscope (LaB6 electron gun) equipped
with a Gatan 794 Multi-Scan CCD camera and operating at
200kV. SEM, equipped with EDX, measurement was
investigated by field-emission scanning electron microscopy
(FE-SEM, S480011I, Hitachi, Japan). To obtain the optical
properties, a modular NanoLog Horiba spectrofluorometer
(Horiba, Kyoto, Japan) was used for PL measurements and
was equipped with a Xe lamp as an excitation light source
with a wavelength of 325 nm at room temperature. Emis-
sions were examined between 350 and 800nm. The
nanostructural features of the samples were investigated by
N,-physisorption experiments (Micromeritics ASAP2010
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Fig. 2 a Rietveld refined X-ray diffraction patterns, and b Williams-Hall plots of the AZO samples

operating at 77 K and equipped with a pressure transducer
with a resolution of 10~*mm Hg). Before to the N, physi-
sorption analyses, the samples were degassed at 150 °C for
2 h under a flow of N,. Specific surface area, specific pore
volume, pore size, and pore size distribution (PSD) were
determined using standard models for analysis (BET and
BJH, respectively).

3 Results and discussions
3.1 Microstructure and morphological investigations

In Fig. 2a, the Rietveld refinement analysis was carried out
with the aid of the full proof program further the X-ray
diffraction patterns of the AZO nanoparticles. The indexed
peaks indicate that pure and doped ZnO crystallizes under
hexagonal wurtzite structure with space group P63mc,
according to JCPDS card no. 01-073-8765. The XRD plots
of the Al-doped ZnO nanoparticles do not exhibit any
additional peaks, indicating the successful substitution of
AI*" ions for Zn*" ions. Previous studies have shown that
introducing a small amount of Al into ZnO does not alter
the structural phase of hexagonal ZnO, and no extra peaks
corresponding to other materials are observed [31, 32].
Therefore, the XRD analysis confirms the synthesis of pure
phases of ZnO and Al-doped ZnO nanoparticles using the
sol-gel method. Table 1 contains the calculated and listed
values of the various structural parameters. The average
crystallite size and lattice strain of the AZO samples were
calculated using Williamson-Hall (W-H) plots which are

represented in the Fig. 2b. Those graphs were plotted by
representing fcosO vs. of 4sinB, from which we can provide
the strain from the slope of the linear fit of the curves and
the mean crystallite size (Dwy) from their intercept. The
lattice parameters (a and c) can be calculated from the two
peaks according to the miller indices (100) and (002).
Consequently, the volume of the unit cell can be concluded
through the following relationships:

A
= = a 1
\/§ S 9(100) ( )
A
C=—=" 2
s 6(()02) ( )

V = 0.866 % a> * ¢

The density of the AZO samples can be calculated
considering that the basic unit cell of the wurtzite hexagonal
structure contained strong ions using the following equa-
tion:

2.M
= — 4
PXRD NAoV (4)
Where M, N,, and V represent molecular weight,

Avogadro’s number, and volume, respectively. 2 is the
number of molecules in a unit cell of wurtzite hexagonal
structure. From the calculated X-ray density, assuming all
nanoparticles are spherical, the specific surface area (Sxgrp)
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Table 1 Structural parameters of

the AZO samples, specific Parameters A0ZO A1Z0 A370 AS570
surface area and particle size. a(A) 3.244+0.001 3.246 +0.001 3.245 +0.001 3.245 0,001
pore volume, Vp, and diameter .
of the AZO samples estimated € (A 5.195£0.002 5.201 0002 5.200+0.002 5.199.£0.002
by BET and BJH methods, and vV (A% 47.338 £0.003 47.465 £0.003 47.431 +0.003 47.423 +£0.003
particle diameter (dggr) Dy (nm) 52 32 66 69
3 (1074) 9.1+0.1 12.0+0.1 16.5+0.2 222+0.2
R, (%) 6.360 +0.002 6.170 +£0.003 7.160 + 0.002 7.850 +£0.002
Ryp (%) 8.490 £ 0.002 9.730 +£0.003 9.780 +£0.002 10.300 = 0.002
X? 1.478 £0.005 1.463 £ 0.006 1.478 £0.005 1.502 +£0.008
pxrp (z.cm™>) 5.709 +0.002 5.694 +0.001 5.698 +0.002 5.699 +0.002
SxrD (mz/g) 20.211 +0.005 32.929 +0.008 15.954 £ 0.004 15.258 +£0.005
Drgy (nm) 38 29 35 45
SBET (m2/g) 13.1472 £ 0.0002 15.3574 £ 0.0003 22.5749 + 0.0003 27.2586 = 0.0003
dggr (nm) 80 68 47 39
Vp (Cm2/g) 0.112109 +4E-6 0.084392 + 2E-6 0.105325 = 3E-6 0.091366 = 2E-6
Pore diameter (nm) 36.1£0.3 24.0+0.2 20.1+0.1 153+0.1

can be estimated from the following relationship:

6000
D.pxrp

Sxrp = (5)
where 6000 is the spherical particles factor and D is the
particle diameter calculated from W-H plots.

Table 1 presents the structural parameters of AZO sam-
ples which are similar to the standard parameters of zinc
oxide in the hexagonal wurtzite structure according to
Garcia-Martinez et al. [33]. As can be seen, the specific
surface area varied in the range 15.258 and 32.929, in which
it was higher for Al-doped ZnO than the pure sample,
exceptionally in the A1Z0O. However, it is important to note
that the high value of the specific surface area of the sam-
ples is necessary to improve gas detection applications.

The Fig. 3a displays the FTIR spectra of pure and Al-
doped ZnO samples. The observed peaks in these spectra
originate from various sources. In the pure ZnO structure,
the peak at 879cm' corresponds to Zn-O stretching
vibrations, which are characteristic of zinc oxide. Peaks at
1963, 2062, and 2161 cm ! in the pure and Al doped ZnO
spectra may be associated with impurities or defects in the
ZnO lattice, potentially influenced by carbon-related inter-
actions from the zinc acetate precursor. Introduction of
carbon species during synthesis can create localized defects
or form carbon-oxygen bonds within the ZnO structure,
resulting in additional peaks. The peak at 2631cm™' is
attributed to the stretching vibrations of surface-adsorbed
water molecules. The broad band around 3433 cm ™! in the
FTIR spectra of Al-doped ZnO samples indicates the pre-
sence of a stretching vibration related to hydroxyl (OH)
groups [34]. This suggests the existence of surface hydroxyl
species or the adsorption of water molecules onto the ZnO
surface. With the addition of Al, a high-intensity peak
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around 671 cm™! emerges, corresponding to Al-O stretch-
ing vibrations, indicating the incorporation of aluminum
into the ZnO lattice [35]. This alteration in the chemical
composition due to the introduction of aluminum leads to
changes in the electronic structure and the creation of new
vibrational modes. The intense peak at 671 cm ™! indicates a
strong interaction between aluminum and oxygen atoms,
enhancing chemical bonding and localizing aluminum
within the ZnO matrix. These observed peaks, including the
high-intensity peak at 671cm™' in the Al-doped ZnO
spectra, demonstrate the structural and chemical modifica-
tions resulting from the doping process.

X-ray photoelectron spectroscopy (XPS) analysis was
conducted to investigate the elemental chemical states and
confirm the presence and incorporation of aluminum (Al)
during the sol-gel process. The obtained binding energies
from the XPS analysis were adjusted for specimen charging
by referencing the C 1s peak at 284.6 eV. In Fig. 3b, the Zn
2p1/2 and Zn 2p3/2 core levels of the AOZO sample were
centered at 1041.9eV and 1018.9 eV, respectively, with a
spin-orbit splitting of 23 eV, which is consistent with other
ZnO architectures [36, 37]. Similarly, A1ZO, A3ZO, and
AS5Z0 exhibited comparable peaks, but with slightly lower
binding energies, indicating the incorporation of Al into the
ZnO lattice. This downward shift in binding energy can be
attributed to the lower electronegativity of Al, which screens
the Zn electron cloud [38]. Figure 3c illustrates the Al 2p core
level spectra of the A1ZO, A3Z0O, and A5ZO samples,
revealing a shift of the Al 2p with increasing the Al con-
centration from 73.7eV up to 74.5eV. As expected, no dis-
cernible signal was detected for the pure sample (A0ZO).
These observations provide strong evidence for the presence
and successful integration of Al ions into the ZnO lattice. The
area ratio between Al 2p and Zn 2p for the A1Z0O, A3ZO, and
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Fig. 3 a FTIR spectra of the pure and Al doped ZnO. XPS spectra of
b Zn 2p, and ¢ Al 2p of the different AZO nanoparticles

AS5Z0 samples was determined to be 0.026, 0.035, and 0.066,
respectively. These findings indicate a gradual increase in the
concentration of Al within the prepared samples.

Figure 4 presented TEM images of particle shape for
pure and Al-doped ZnO samples. The grain sizes were less
than 100 nm for all samples. By comparing the ZnO and Al-
doped ZnO samples, we have seen that the A1ZO particle
sizes were smaller than those of pure zinc oxide. The grain
size distribution of the AZO samples indicate that the A1ZO
sample size has the lowest value than the other valid
interpretations of the samples given by XRD measurements.

In addition, the morphology of ZnO and A3ZO samples
has been studied by SEM, which is shown in Fig. 5a, b,
respectively. We can see the presence of round nano-
particles with an average size less than 100 nm for both
samples. It is clear from this images that the grain size of
ZnO powders is larger than that of A3ZO, which was the
highest surface area. However, it is interesting to note that
the high surface area of nanoparticles is necessary for sen-
sing applications [39—41]. Furthermore, the EDX spectra for
both samples were studied and are shown in the same fig-
ures (Fig. 5a, b). It indicates the presence of many peaks at
different intensities. For undoped ZnO, we have investi-
gated two peaks referred to Zn and O indicating that the
purity of zinc oxide and the percentage of the Zn and O
elements was 53.5% and 46.5%, respectively. The A3Z0
sample contains the elements Zn, O and Al in percentages
values 50.9, 46.7 and 3.3%, respectively. The presence of
the Al element at 3.3 %, which is close to 3 %, indicates the
correct percentage of desired doping.

3.2 N, physisorption measurement

The Brunauer-Emmet-Teller (BET) adsorption-desorption
isotherms of pure and Al-doped ZnO samples produced via
sol-gel are shown in Fig. 6. According to IUPAC, the regis-
tered isotherms are of type II. Clustered particles with a
mesoporous architecture and unrestrained monolayer-
multilayer adsorption have an Hj-type hysteresis loop.
Because of the Al incorporation, the surface areas of Al-
doped ZnO NPs are greater than those of pure ZnO NPs. The
projected SBET rises nearly four orders of magnitude, from
13.1472m%.g~" for pure ZnO to 27.2586m’g"! for a 5
percent Al component (Table 1). In addition, the pore dia-
meter and volume are 15.3-36.1 nm and 0.084392-0.112109
cm®.g !, respectively. The aggregation of the particles may be
linked to the reduction in both volume and diameter of the
pores. The average particle diameter (dggt) may be calculated
using the following formula:
6000

dper Sper X p (6)
Where the terms Sggr (m*.g~ ') and p (g.cm™>) represent the
calculated BET specific surface area and material density,
respectively. The value of the particle diameter resulting
from the surface area is given in Table 1.
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Fig. 4 TEM pictures and
frequencies vs particle size of
a A0ZO, b A1ZO, ¢ A3ZO, and
d A5Z0 samples (200 nm scale)

Fig. 5 SEM-EDX images of
a ZnO and b A3ZO samples
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3.3 PL measurements

The PL spectra of AZO nanoparticles are presented in Fig. 7.
The PL spectrum of pure ZnO showed the presence of two
bands, a narrow band in the UV emission and a broad band in
the visible emission. The UV emission refers to band-band
emission and the visible band is attributed to the defects
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present in the inter-band. The wide band present in the visible
range referred to several defects, such as interstitial zinc (Zn;),
oxygen antisites (Oz,), and oxygen vacancies (V,) [42, 43].
With a comparison between Al-doped ZnO and pure ZnO PL
spectra, the green emission intensity band gradually dis-
appeared, and the UV emission band increased in intensity.
There is a new band that appeared at 437 nm, which it was
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Fig. 6 N, adsorption/desorption curves at 77 K for a A0ZO, b A1ZO, ¢ A3ZO, and d A5ZO

attributed to the blue emission from intrinsic defects and due
to the recombination between the donor-acceptor pair related
to the acceptor of the Al element.

The PL spectra of AZO samples were deconvoluted by
Gaussian fit. The Fig. 7a—d show the deconvolution of the
Gaussian curve for the experimental PL spectrum of A0ZO,
A1Z0O, A3Z0, and A5ZO nanopowders, respectively. The
Gaussian fit of the experimental PL. measurement identifies
many emission peaks centered at 382 nm (3.25eV), 460 nm
(2.69¢eV), 493nm (2.52¢eV), 553nm (2.24eV), 651 nm
(1.90eV) and 730nm (1.69eV), respectively. The blue
emission peaks centered on 2.69 and 2.52 eV are affected by
the transition from interstitial zinc (Zn;) to the valence band
and zinc vacancy (Vyz,), respectively [42, 43]. The green
emission peak centered at 2.24 eV is attributed to conduction
band transitions to the antisite oxygen (O,). The orange-red
emission peaks centered at 1.90 eV and 1.69 eV are attributed
to the conduction band transition to oxygen vacancy (V,) and
oxygen interstitial (O;), respectively [44, 45].

3.4 Acetone sensing tests

The sensing tests were performed for the pure and Al-doped
ZnO samples. Firstly, we have performed the resistance as a

function of temperature, shown in Fig. 8a, of AZO samples
under air. The resistance under air decreased when the oper-
ating temperature was increased. Under air, oxygen species
were adsorbed by the ZnO surface. At low temperatures (at
200 and 250 °C), most of the adsorbed species are O™. At
high operating temperatures (at 300 and 350 °C), most of the
adsorbed oxygen species are O>~. Furthermore, the electrical
potential is inversely proportional to the operating tempera-
ture [18]. This behavior is explained by the fact that the bound
electrons become free electrons if they are given enough
energy which can be thermal. The electrons stripped from
atoms become charge carriers, which can then conduct current
and subsequently cause a decrease in resistance. The higher
electrical resistance observed in the A1ZO sample compared
to the undoped, A3ZO, and A5ZO samples can be attributed
to the smaller particle size of A1ZO as determined from TEM
images presented in Fig. 4. Smaller particle size results in an
increased number of grain boundaries and interfaces within
the material, leading to enhanced scattering and electron-
electron interactions. These effects hinder the flow of electric
current, ultimately resulting in higher electrical resistance.
The sensing properties of AZO samples towards the
detection of acetone (C;HgO) at low concentrations
(5-50 ppm) in the air with 50% of humidity were initially
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Fig. 7 Room temperature PL spectra with sub-peak positions and contents from Gaussian decomposition of a ZnO, b A1Z0, ¢ A3Z0, and d A5SZO

investigated at different operating temperatures. The
responses versus temperature of the fabricated sensors,
which were tested at 10 ppm of acetone concentration, are
reported in Fig. 8b. The Al-doped ZnO samples have a
strongly favorable sensitivity, compared to undoped ZnO
sample, toward acetone gas. However, some differences can
be noticed depending on the Al content and operating
temperature. The response/recovery times were estimated
from the base resistance variation of the AZO samples,
presented in Fig. 8c, under air and acetone gas, respectively.

At 300 °C, the best sensitivity was obtained with the
lowest Al loading, so we can use the A1ZO sensor and ZnO
sensor as a reference. All the sensors under investigation
presented a reduction in resistance when acetone was added
which it was showing that Al doping preserves the n-type
semiconductor features of undoped ZnO. We have investi-
gated the resistances versus time of A1ZO and pure ZnO
under different concentrations of acetone at the operating
temperature (300 °C), shown in Fig. 9a.

Acetone injection induced a remarkable variation in the
electrical resistance of the detection layer. We have seen the
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variation of the sensor response as a function of time which
is extracted following the equation [22]:

- Rgas) /Rair (7)

in which Ry is the resistance under air and R, is the
resistance under gas. Figure 9b shows the time response of
A1Z0O and pure ZnO under different concentrations at
300 °C. A1ZO sensor has more responsive than pure zinc
oxide. The addition of Al in the zinc oxide has increased the
surface area of this behavior which may explain the increase
in sensor response. Both sensors have linear responses as a
function of acetone concentrations.

The gas detection process of an Al-doped ZnO sensor
involves gas molecules adsorbing and desorbing on the
detection material’s surface, causing a change in resistance.
Oxygen molecules in the air adsorb on the surface of the
material, creating O,~, O, or O’ ions by capturing elec-
trons in the conduction band [46, 47]. This lowers the
density of free charge carriers, increasing the depletion
region and raising the resistance of NP ZnO. The ionized
species 0,7, O, and O>” are prominent at temperatures

Response = (Ryir
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below 150 °C, between 150 and 400 °C, and above 400 °C,
respectively [48]. When a few ppm of gas is injected, the
acetone molecules react with the oxygen species on the ZnO
surface, producing CO, and H,O and releasing trapped
electrons in the conduction band. This results in a sudden
decrease in resistance [49-51]. The A1ZO sensor has
improved responsiveness due to its smaller size and greater
specific area, which enhances the concentration of adsorbed
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species. Additionally, oxygen vacancies act as adsorption
sites to enhance gas detection ability. This results in the
percolation channel broadening and the electron-depleted
layer shrinking, but the flow of electrons is unaffected. The
detecting process is further explained in Fig. 8d.

Figure 9c illustrates the repeatability of ZnO and A1ZO
sensors in response to 10 ppm acetone vapor at 300 °C. The
sensors show consistent responses over four successive
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Fig. 9 a Sensor resistance and b sensor responses vs time for ZnO and
A1ZO under different concentration of acetone gas at 300 °C.
¢ Reliability of ZnO and A1ZO in sensing 10 ppm acetone over 6
cycles at 300 °C. d Sensor response of ZnO and A1ZO for 10 ppm of
various target gases such as acetone, methanol, ethanol, and

sensing cycles, indicating good repeatability. Figure 9d
shows the sensor responses of A1ZO and ZnO to different
gases at 300 °C. A1ZO sensor shows higher response to
acetone vapor compared to formaldehyde, ethanol, and
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formaldehyde at 300 °C. e Sensor resistance in the different relative
humidity percentages (from 10 to 70%RH) under 10 ppm of acetone
gas concentration. f Principle of adsorption of H,O molecules in the
surface

methanol, indicating good selectivity. The dipole moment
difference between the gases may be the reason for the
A1Z0 sensor’s selectivity. Figure 9e shows the base resis-
tance of the A1ZO sensor under 10 ppm of acetone gas
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Table 2 Comparison acetone

Materials Sensing Acetone concentration Responses References
responses between ZnO doped temperature (ppm)
Al and other materials P PP
Zn0/ZnCo,04 275°C 100 7.5 [52]
nanocomposites
ZnO/GO 450°C 200 12.52 [46]
Co-doped ZnO 360 °C 100 16 [53]
ZnO rods 300 °C 100 4.5 [48]
Ag/ZnO nanocomposites 250°C 100 15 [49]
ZnO nanoplates 450 °C 125 20 [50]
Al doped ZnO 300 °C 50 27 This work

concentration at different humidity levels (10%, 30%, 50%,
and 70%). As relative humidity increased, the sensor initi-
ally experienced a rapid decrease in resistance, followed by
an exponential increase. This behavior is attributed to the
interaction between adsorbed water molecules and the
sensor’s surface. At lower humidity levels, water molecules
adsorb onto the surface, enhancing conductivity and sig-
nificantly reducing resistance. However, as humidity further
rises, the thicker water layer acts as a barrier, limiting the
interaction between acetone gas and the sensor, resulting in
decreased response and an exponential increase in resis-
tance. These findings highlight the sensor’s sensitivity to
humidity changes and its stability in maintaining consistent
electrical properties and response characteristics. The ZnO
doped Al sensor exhibits promising potential for accurate
and reliable gas sensing applications, particularly in envir-
onments with varying humidity levels. Additionally, Fig. 9f
illustrates the moisture detection mechanism, showcasing
the interplay between the sensor’s membrane and the
adsorption/desorption of water molecules. The sensor’s
resistance remaining relatively unchanged underscores its
high stability, indicating minimal influence from humidity
fluctuations, which further emphasizes the robustness and
reliability of the ZnO doped Al sensor in maintaining its
sensing  capabilities under various environmental
conditions.

Table 2 illustrates the superior acetone-sensing perfor-
mance of our home-made sol-gel derived Al;¢-doped ZnO
nanoparticles compared to various other materials. When
compared to ZnO/ZnCo,04, ZnO/GO, Co-doped ZnO, Ag/
Zn0O nanocomposites, ZnO rods, and porous ZnO nanoplates,
our Al-doped ZnO nanoparticles exhibit significantly
enhanced sensitivity to acetone gas, which makes promising
the present Aluminum-doped ZnO nanoparticles for sensing.

4 Conclusion

A sol-gel approach was used to make aluminum-doped
ZnO powders with various Al loadings. The prepared

samples were investigated as an acetone gas detection
layer after annealing at 400 °C. The morphologies, crys-
tallite sizes, and microstructure of all doped and undoped
samples, as a function of Al loading, revealed a hexagonal
wurtzite structure with crystallite sizes of approximately
60 nm, as validated by SEM images. Then, at an ideal
operating temperature of 300 °C, we studied the acetone
sensing capabilities of pure and 1 percent Al-doped ZnO,
which revealed an excellent sensing response of 11 and a
response time of 17 s for the detection of 10 ppm acetone.
Al-doped ZnO has greater sensing characteristics than
pure ZnO. Al-doped ZnO’s improved detection perfor-
mance opens up a wide range of applications, including
environmental and industrial monitoring systems, as well
as breath analyzers for monitoring personal health
problems.
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