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Abstract: In this work, the main objective is to enhance the gas sensing capability through investi-
gating the effect of Al and Mg doping on ZnO based sensors. ZnO, Mg1% doped ZnO, Al5% doped
ZnO and (Al5%, Mg1%) co-doped ZnO nanoparticles (NPs) were synthesized by a modified sol-gel
method. The structural characterization showed the hexagonal crystalline structure of the prepared
samples. Morphological characterizations confirmed the nanometric sizes of the NPs (27–57 nm) and
elemental composition investigation proved the existence of Al and Mg with low concentrations.
The optical characterization showed the high absorbance of the synthesized samples in the UV
range. The gas sensing performances of the synthesized samples, prepared in the form of thick
films, were investigated. Sensing tests demonstrated the high influence of the Al and Mg on the
sensing performances towards H2 and CO gas, respectively. The 5A1MZO-based sensor exhibits
high sensitivity and low detection limits to H2 (<2 ppm) and CO (<1 ppm). It showed a response
around 70 (at 250 ◦C) towards 2000 ppm H2 and 2 (at 250 ◦C) towards CO.

Keywords: (Al5%,Mg1%) co-doped ZnO; nanoparticles; sol-gel; gas sensor; hydrogen; carbon monoxide

1. Introduction

ZnO is an important semiconductor material that exhibits a wide range of properties
for vast area of applications. The unique characteristics like wide bandgap (3.37 eV), high
excitonic binding energy (60 meV) at room temperature, high-electron mobility, high chem-
ical and thermal stability, strong cohesive energy (1.89 eV) and good biocompatibility make
ZnO a favorable material for gas sensors [1–3]. Furthermore, the non-toxicity, low-cost,
simplicity in fabrication, suitability for bulk production and robustness in practical appli-
cations, make ZnO very interesting to be used as a sensing material compared to other
semiconducting metal oxides [4,5]. Several approaches were adopted to synthesize pure
and doped ZnO nanoparticles, such as sol-gel [6], combustion, co-precipitation, hydrother-
mal [7], thermal stock [8], laser ablation in liquid [9] and the sonochemical method [10].
Among them, the sol-gel method is relatively simple, needs low-cost equipment and a low
reaction temperature. On the other hand, it allows producing materials of high purity and
crystallinity and with different shapes [11]. The preparation of pure, doped and co-doped
ZnO NPs by sol-gel method for gas sensing is our main investigation.
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Various materials such as graphene, polymers, small organic materials and semicon-
ductor oxides are used for the sensitive detection of certain reducing gases [12,13]. Zinc
oxide is one of the semiconductor oxides that attracted great attention thanks to its low
coast, non-toxicity, flexibility in production and sensitivity to different gases [14]. ZnO-
based gas sensors have exposed excessive abilities to detect harmful and flammable gases
like CO [15,16], CO2 [17], NO2 [18,19], CH4 [20,21], NH3 [22,23] and H2 [24,25]. How-
ever, using pure ZnO as a sensing layer has some limitations, such as the high working
temperature and detection limit, low selectivity, and the long response/recovery times.
Doping ZnO with suitable elements is one of the methods used to improve the gas sensing
properties. Group III elements, such as In, Al and Ga, and group-II elements, such as Mg
and Ca, are widely used as n-type dopants in ZnO material [26,27]. They incorporate into
ZnO material by replacing the host atoms Zn. This induces the release of free electrons and
also contributes to high conductivity in ZnO material [28].

In this context, we have reported in our previous work [26] a considerable improve-
ment in formaldehyde sensing of Ca-doped ZnO NPs-based sensor due to the basic centers
provided by calcium which induces high gas adsorption. Moreover, Ga doped ZnO NPs
were prepared by Dhahri et al. [5]. The substitution of the Zn2+ by the Ga3+ cation induces
more oxygen species formation that are able to be chemisorbed. The Ga doped ZnO-based
sensor showed a capacity to detect low CO concentrations at relatively lower operating tem-
perature (200 ◦C). Additionally, it showed higher sensitivity and faster response/recovery
times compared to pure ZnO sensor. Due to the sensing results given by Ca (group II) and
Ga (group III) doping, we have chosen the Mg and Al doping agents.

In the present paper, we are interested in aluminum and magnesium elements. We
synthesized and characterized ZnO, Mg-doped ZnO, Al-doped ZnO and (Al, Mg) co-
doped ZnO NPs and studied the effect of Al and Mg on gas sensing properties. Al and Mg
doping have improved the response toward the reducing gases H2 and CO, respectively,
by inducing electronic effects which alter the reactivity of the detection layer’s surface. In
the following, we present the preparation process of the NPs, the used characterization
techniques and a description of the experimental setup and measurements of the gas sensor.
Then, we present and interpret the obtained results.

2. Experimental Details
2.1. Preparation Process

The samples (pure, doped and co-doped ZnO NPs) were prepared by a modified
sol-gel route. Mg doped ZnO NPs were prepared by dissolving 16 g of zinc acetate
dehydrate [Zn(CH3COO)2 × 2H2O, 99%] in 112 mL of methanol under magnetic stirring at
an ambient temperature. Then an adequate quantity of magnesium chloride hexahydrate
(MgCl2 × 6H2O) corresponding to a ratio [Mg]/[Zn] of 0.01(1at.%) was added under
magnetic stirring until total dissolution. The above solution was placed in an autoclave
with about 220 mL of ethanol before being dried in the supercritical conditions of ethyl
alcohol (Tc = 243 ◦C; Pc = 63.6 bars) according to El Mir et al.’s protocol [29,30]. The reaction
of the formation of ZnO is given in (Equation (1)) for temperature range from 180 to 300 ◦C.

Zn(CH3CO2)2 + H2O→ ZnO + 2CH3COOH (1)

The same protocol was used to prepare Al-doped ZnO NPs. The Al precursor was the
aluminum isoproxide (C9H21AlO3) and the [Al]/[Zn] atomic ratio was 0.05 (5 at.%). The
Al–Mg co-doped sample was also prepared by the same adopted protocol. The magnesium
and aluminum precursors were introduced simultaneously after dissolving zinc precursor
(1 at.% Mg and 5 at.% Al). At the end, the gained nanopowders were annealed, in a muffle
furnace, at 400 ◦C in air for 2 h. Mg1% doped ZnO, Al5% doped ZnO and (Al5%, Mg1%)
co-doped zinc oxide are named, respectively, as 1MZO, 5AZO, 5A1MZO in the present
investigation.
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2.2. Characterization Techniques

Microstructural characterization was determined using X-ray diffraction (XRD, Philips
PW1710) analysis with Cu-Kα1 radiations of wavelength 1.541874 Å. The surface morphol-
ogy of the samples was analyzed using a transmission electron microscope (TEM; Tecnai
G2-200 kV) and a field emission scanning electron microscopy (FESEM, type). Elemental
composition was analyzed using energy dispersive X-ray (EDX) spectroscopy. The opti-
cal characterization was investigated with a UV-Vis-NIR spectrophotometer (Shimadzu
UV-3101PC).

2.3. Sensing Tests

The prepared samples were used to design gas sensor devices. The sensing device
consists of an alumina substrate with size dimensions of 6 mm× 3 mm, a pair of Pt
interdigitated electrodes distant with 200 microns on the top side and a Pt heater on
the back side. The prepared NPs were mixed with deionized water and deposited on
sensing device via screen printed method. After that, the sensor devices were placed
in a stainless-steel test chamber and exposed to a constant flow rate (100 cm3/min) of
synthetic dry air and then to the flux of target gas (100–10,000 ppm of H2 and 5–50 ppm of
CO). The concentrations of the inserted target gas within the test chamber were equipped
with certified gas mixtures bottles and a mass-flow controller array. A multimeter data
acquisition unit (Agilent 34970 A) was interfaced with a computer to measure the electrical
resistance of the detection layer. The sensors temperature was controlled using a dual
channel power supply instrument (Agilent E3632 A). For reducing gases, the gas response
is defined as Ra/Rg, where Ra is the baseline resistance and Rg is the electrical resistance
of the sensor at different target gas concentrations. Photos of the sensing device and
measurement system are presented in Figure 1.
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Figure 1. Photo of (a) the sensing device and (b) the measurement system.

3. Results and Discussion
3.1. Characterization

Figure 2 shows the XRD patterns of the ZnO, 1MZO, 5AZO and 5A1MZO samples.
The high intensity and the sharpness of diffraction peaks indicate the well crystallized
structure of the samples. The indexed diffraction peaks of the samples are associated to
the hexagonal structure of ZnO (JCPDS Card No. 36-1451) [31]. The crystalline structure
does not change expressively for the doped and co-doped samples and this may be due
to the small amount of Al and Mg doping elements. No extra peaks from other phases
are detected, indicating the high purity of the synthesized samples. Figure 3 illustrates a
magnification of the major peak (101) of all samples. The peaks intensity becomes sharper
and narrower for doped and co-doped samples, which confirms their high crystallinity. A
slight shift of (101) peak, towards lower angles, is noticed for doped and co-doped samples
compared to pure ZnO. This shift suggests the incorporation of Mg and Al ions into the
ZnO lattice, and it may be related to the difference in ionic radius of Al (0.53 Å) and Mg
(0.72 Å) with Zn (0.74 Å).
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The crystallite size was estimated using the Scherrer’s method [32] (Equation (2)) and
the (101) plane was chosen for calculation.

G =
0.9 λ

B cosθ
(2)

where G is the average crystallite size, λ is the X-ray wavelength (1.541874 Å), B is the full
width at half-maximum peak (FWHM), and θ is the Bragg diffraction angle.

As shown in Table 1, the estimated crystallite sizes are approximately 36, 57, 35 and
27 nm for the ZnO, 1MZO, 5AZO and 5A1MZO, respectively. It seems that Mg doping
induces grain growth. However, Al doping is responsible for the crystallite size decrease.
Lattice parameters were calculated by Rietveld refinement using Fullprof program. Figure 4
presents the refined XRD pattern of the synthesized samples and Table 1 groups the
estimated parameters values. They are in accordance with literature [33] and show small
increase for doped and co-doped samples.

Table 1. Calculated results of crystallite size, lattice parameters and volume of the ZnO, 1MZO,
5AZO and 5A1MZO samples.

Samples Crystallites Size (nm) Lattice Parameters (Å) Volume (Å3)

ZnO 36 a = 3.246
c = 5.201 47.47

1MZO 57 a = 3.249
c = 5.206 47.61

5AZO 35 a = 3.250
c = 5.206 47.64

5A1MZO 27 a = 3.249
c = 5.203 47.58

Figure 5 depicts low and high magnification SEM images of 1MZO and 5A1MZO
nanoparticles. The samples show an agglomeration of sphere-shaped grains. It is observed
that the sample surface is composed of agglomerated spherical particles, which are dis-
tributed all along the surface with uniform grain sizes. EDX analysis is a practical tool for
detecting the chemical composition and the compounds stoichiometry. The EDX spectrum
of 5A1MZO sample is shown in Figure 6. It shows distinct peaks related to zinc and oxygen
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atoms which presents the formation of ZnO NPs. Additionally, the higher peak at 1 keV is
a characteristic to Zn and it confirms the formation of ZnO NPs [34]. Furthermore, the EDX
spectrum reveals the presence of Zn, O, Al and Mg elements with suitable proportions,
which proves the successful doping of Al and Mg elements in the ZnO lattice as well as the
high purity of the sample. This is in accordance with XRD results.
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Figure 6. EDX spectrum of 5A1MZO sample.

Figure 7 reports a typical TEM image of 5A1MZO sample. The image shows prismatic
shaped particles with nanometric size in the range of 15–26 nm. These crystallites size
values agree well with those estimated by Scherrer’s method (27 nm) in XRD part. The
white spots indicate focused ultra-small nanoparticles on the surface which may assigned
of the beginning of aggregation. These nanoparticles enface the specific surface area and
then improve the sensing parameters.
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The HRTEM image of 5A1MZO NPs shows parallel lattice fringes with spacing of
0.24 nm, which corresponds to the (101) plane of crystalline ZnO.

Figure 8 depicts the ultraviolet–visible absorption spectra of ZnO, 1MZO, 5AZO and
5A1MZO samples. For all samples, the highest absorption is noted in the UV region. These
strong absorption peaks may be assigned to the electron transitions from the valence band
(VB) to conduction band (CB) (O2p–Zn3d) [35]. A low absorbance is noticed in the visible
region while it slightly increases for Mg-doped ZnO nanoparticles. This is may be ascribed
to different factors, namely particle size, oxygen deficiency and lattice defects [36,37].
The band-gap energy (Eg) was estimated from the Tauc’s relation, described in equation
(Equation (3)) [38] and the Tauc’s plot is illustrated in Figure 9.

(αhv)2 = A
(
hv− Eg

)
(3)

where α is the absorption coefficient, (hν) is the photon energy and A is a constant.
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The estimated band gap was 3.24, 3.25, 3.17 and 3.19 eV for ZnO, 1MZO, 5AZO and
5A1MZO, respectively. The optical band gap energy slightly increases for 1MZO. However,
it decreases for 5AZO and 5A1MZO samples. It seems to be visible that Mg is responsible
for the small enhancement in gap energy and aluminum is responsible for the gap energy
shrinkage. The present increase in the gap energy of 1MZO sample was theoretically
obtained by Rouchdi et al. [39]. It may be related to the variance in electronegativity and
ionic radius of Mg and Zn atoms which introduce defects in the ZnO lattice. The decrease in
the gap energy of 5AZO sample may be attributed to the strong sp–d exchange interaction
between the moving “sp” carriers, i.e., band electrons of ZnO and the localized d electrons
of Al ions which substitute the Zn2+ ions [40]. Additionally, Caglar et al. [41] mentioned
that Al doping induces narrowing band gap energy and it is possibly attributed to the
carriers increase in the conduction band edge and to the new recombination centers formed
with low emission energy.

3.2. Gas Sensing Studies
3.2.1. Effect of Al on Mg Doped ZnO NPs-Based Sensor

Hydrogen is an odorless and colorless gas with high flammability and large explosive
limits (between 4 and 75% by volume) [42]. Exposure to high concentrations of hydrogen
induces an oxygen-depleted environment which can provoke suffocation. Hydrogen may
pose risks if not properly controlled and handled. Thus, hydrogen monitoring during its
use, production transport and storage is very important for health and safety reasons.

The responses of 1MZO- and 5A1MZO-based sensors towards H2 as function of oper-
ating temperature (200–300 ◦C) are illustrated in Figure 10. For both sensors, the response
rises along with the operating temperature. This increase depends on the adsorption of
gas molecules as well as the reactivity of the gas with the adsorbed oxygen species. At low
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temperatures, the sensors do not have sufficient energy to efficaciously absorb H2 onto
its surface. Then, the response increases, and this may be assigned to the enhancement
of the chemical activity on the sensor’s surface. The doped- and co-doped-based sensors
reach high response values at 250 and 300 ◦C (more than 80 at 300 ◦C). It can be observed
that 5A1MZO sensor shows higher sensitivity than 1MZO-based sensor. Undoubtedly,
Al doping has effects on hydrogen sensing property of the Mg doped ZnO based sensor.
Indeed, Al doping can change the AMZO acid–base characteristics and thereby its gas
sensing aptitude. Additionally, it engenders smaller crystallites the size of the 5A1MZO
sample, which provides larger effective surface area to react the gas, and induces higher
crystallinity. All of these have a positive effect on sensitivity. These entire factors provided
by Al doping may be responsible to the high sensitivity of 5A1MZO sensor [43,44]. On the
other hand, Shi et al. [45] have recently reported the effect of doping with metals, such as
Mg, Al, Cd, Co, In and Cu, into MOx for H2 sensing. They outlined three main factors that
make non-noble metals promising dopants for MOx materials. At first, the doping metal
can induce a significant change in the grain size of MOx which increases the specific surface
area of the material. The larger specific surface area induces more gas adsorption sites,
and hence improves the sensing response capacity. Second, doping elements into the MOx
lattice replace the position of the original metal particles and provoke lattice distortion.
The lattice distortion can induce an increase in the surface defects of the materials which
introduces a wide number of oxygen vacancies. This leads to an increase of the depletion
layer on the material surface and a higher barrier. Hence, the sensor will be more sensitive
to the targeted gas. At last, the doping metal ions can adjust the energy band structure by
affecting the surface potential and the carrier concentration in the host material. This may
cause quick charge transfer and the improvement of sensing properties.
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Both sensors exhibit comparable response times (around 3 s at 250 ◦C). However, the
recovery time was shorter for the 5A1MZO sensor (70 s at 250 ◦C) compared to that of
1MZO (>200 s at 250 ◦C) sensor. The faster recovery time may be assigned to the larger
surface area for chemical reaction provided by Al doping [46].

3.2.2. Effect of Mg Doping on Al Doped ZnO NPs-Based Sensor for CO Sensing

Carbon monoxide (CO) is an odorless, colorless, flammable and toxic gas which is pro-
duced by fossil fuel combustion, automotive emissions, industrial activities and household
fuel-based devices. Exposure to high CO concentrations can provoke disorientation and
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loss of judgment and even death [47]. Figure 11 presents a histogram for the gas-sensing
response of the 5AZO and 5A1MZO nanoparticles-based sensor towards CO gas. It is
apparent that 5AZO displays high CO response. Indeed, many studies showed also the
positive effect of aluminum doped ZnO on CO sensors [48–50]. The improved detection
properties of Al-doped ZnO samples is mainly attributed to electronic effects that alter the
reactivity of the detection layer’s surface [51]. In addition to this, it can be seen that the
5A1MZO response exhibits higher response compared to 5AZO-based sensor. Therefore,
adding magnesium enhances the gas sensing properties of 5AZO sensor. According to
work realized by Amin et al., the improvement of gas response may be related to the
catalytic effect of magnesium, the provided defects such as oxygen vacancies, and also to
the fast chemisorption and desorption of CO gas [52].
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3.2.3. Gas Sensing Mechanism

It is known that the gas sensing properties are considerably influenced by the carrier
concentration and the chemisorbed oxygen species on the sensing materials surface. During
the test process, the detected gas molecules are adsorbed and desorbed on the surface of the
n-type semiconductor material and this causes the change of its resistance. When the sensor
is exposed to air environment, plenty of oxygen molecules are adsorbed on the material
surface. They capture free electrons from the ZnO conduction band and form different
oxygen anions like O2

−, O−, O2− as well as a space charge depletion layer. Consequently,
this process forms a depletion layer on the metal oxide nanomaterials surface and causes
the increase of sensor resistance. The reactions process for the formation of different oxygen
anions can be described as following (Equations (4)–(7)) [53].

O2(gas) � O2(ads) (4)

O2(ads) + e− � O−2(ads) (5)

O−2(ads) + e− � 2O−
(ads) (6)

O−
(ads) + e− � O2−

(ads) (7)

After that, when a reducing gas such as H2 or CO is injected into the chamber, the gas
molecules react with the oxygen anion and release the trapped electrons back to the ZnO
conduction band. The space charge depletion layer on the ZnO surface is reduced and then
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the sensor resistance decreases. The interaction between the chemisorbed oxygen species
and H2 and CO gas in the 200–300 ◦C range can be described as follows (Equations (8)
and (9)):

H2 + O−(ads) � H2O + e− (8)

CO + O− → CO2 + e (9)

The effect of changing concentrations of tested gases (H2, CO) on the Al–Mg co-doped
ZnO-based sensor was analyzed. Figure 12a represents the concentration sensitivity curve
of different H2 concentrations (100 to 30,000 ppm) at the operating temperature of 250 ◦C.
Figure 13a illustrates the sensitivity curves of different concentrations of CO (2–80 ppm)
of 5A1MZO-based sensor at 300 ◦C. It can be seen that the response of both testing gases
increases whenever concentrations increase. Over the entire measured concentration range,
the fabricated sensor presents a fully reversible response toward tested gas. Indeed, the
sensor response decreases from Ra to Rg upon the injection of reducing gas and returns to
its initial values (Ra) after ceasing the supply of the target gas. This behavior is attributed
to the n-type semiconducting behavior of ZnO and to the reducing nature of the gases [54].
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The response of metal oxide semiconductor (MOS) gas sensors can be expressed
according to the following relationship (Equation(10)) [44].

S = a[C]b + 1 (10)

where S is the gas response, C is the gas concentration, and a and b are constants. Generally,
the ideal value of the exponent b is around 1 or 0.5, depending on the charge state of the
surface species, the stoichiometry of the elementary surface reactions between oxygen and
tested gases, as well as microstructure of the materials [55]. Generally, it is 0.5 and 1 for the
adsorbed oxygen ion O− and O2−, respectively. The b value can be calculated from the
plot log(S-1) versus log(C). Figures 12b and 13b show the log (S-1) versus log(C) plot of
5A1MZO-based sensor toward different gases. As can be seen, there is a linear relationship
of gas sensor response and gas concentration. The estimated b values are 0.541 and 0.5 for
H2, and CO gas, respectively; indicating that the oxygen ions absorbed on the surface are
mainly O−. By extrapolating the linear graph, it can be noted a detection limit of few ppm
of H2 (<2 ppm) and CO (<1 ppm).

Reproducibility was also studied, as mentioned in Figures 12c and 13c. The sensor
showed good reproducibility towards 4 cycles of 2000 ppm H2 and 20 ppm CO. Selectivity
was also studied. Figure 14 shows the responses of the 5A1MZO sensor towards 2000 ppm
H2, 20 ppm CO and 2000 ppm CO2 at temperature in the range of 200–300 ◦C. The sensor
showed high selectivity towards H2 gas at different temperatures.
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Moreover, the performances of 5A1MZO sensor towards H2 and CO are summarized
in Table 2 and compared with other resistance-type sensors. It can be seen from this table
that 5A1MZO sensor have competitive results towards the reducing gases like H2 and CO.

Table 2. Comparison of the results of current work with those recently reported on resistance type sensors for H2 and CO.

Gas Sample Concentration
(ppm) Response Temperature

(◦C)
Response
Time (s)

Recovery
Time (s) Reference

H2

WO3/TiO2 nanofibers 1000 (Rg-Ra)/Ra = 78.21% RT 20 23 [56]
Pd-WO3 composite thin films 2000 Ra/Rg = 2000 250 7 299 [57]

5A1MZO NPs 2000 Ra/Rg = 70 250 3 70 This work

CO
In:ZnO thin films 5 (Ra-Rg)/Rg = 4.17 300 24 273 [58]

Pt@ZnOpolyhedrons 50 (Ra-Rg)/Ra = 65% 125 - - [47]
5A1MZO NPs 50 Ra/Rg = 2.01 300 24 35 This work

4. Conclusions

ZnO, 1MZO, 5AZO and 5A1MZO NPs were synthesized by a modified sol-gel tech-
nique. XRD study showed the crystallized and hexagonal structure of prepared nanopar-
ticles. TEM images of 5A1MZO and SEM images of 1MZO and 5A1MZO confirmed the
nanometric sizes of the NPs. EDX results showed the purity of the 5A1MZO sample and
confirmed the presence of Al and Mg in ZnO lattice. Absorbance spectra showed a strong
absorption in the UV range. Optical band gaps were determined using Tauc’s plot. The
estimated value slightly increased with the addition of Mg loading and decreased with
Al content. The effect of Mg and Al on improving the reducing gases H2 and CO was
discussed. Sensing results indicated that the ternary 5A1MZO-based sensor is sensitive to
the reducing gases with low detection limit. It also showed good reproducibility towards
H2 and CO and high selectivity towards H2 gas at different temperatures. Hence, the
5A1MZO sample is an inspiring sensing material for practical applications.
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