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Abstract

Pure zinc oxide was prepared by a simple auto-combustion method. The microstructure and morphological proprieties, of the
prepared sample, were investigated by XRD, XPS, and SEM characterizations which indicated that the ZnO nanoparticles
have a hexagonal wurtzite structure with space group P63mc. The average size estimated by Willams-Hall exhibits to be
61.45 nm which is in good agreement with that estimated by the SEM image (62 nm). The absorbance spectra indicated a
high absorbance in the UV range and the gap energy, estimated by Tauc’s model, was 3.17 eV. The sensor was prepared by
spraying the suspension of ZnO nanopowders on an alumina substrate with pre-deposited gold-interdigitated electrodes. The
fabricated sensors exhibited a high response (AR/R=208) and acceptable response/recovery times (5/2.5 min) to 1 ppm of

NO, at low operational temperature (150 °C) in the dark and 50%RH.

1 Introduction

Nitrogen dioxide (NO,) is one of the main air pollutants
that cause photochemical smog and acid rain. NO, is pro-
duced by the combustion of gas, coal, wood, or petroleum
for domestic and industrial use. We need a high performance
NO, sensor for detecting or monitoring the concentration
level of NO, in the atmosphere [1]. Until now, there have
been several researchers who have developed different NO,
sensors such as electrochemical [2, 3] piezoelectric quartz
[4], and semiconductor sensors. In the recent years, gas sen-
sors based on semiconductor materials have been become
increasingly attractive in the detection of NO, due to their
low cost, long-term stability, and simplicity of use. The sen-
sors based on several types of metal oxides have been stud-
ied such as SnO, [4], ZnO [5], WO; [6], In,O5 [7], CuO [8],
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and Fe, 05 [9], which exhibit a good performance in NO,
detection. However, sensors based on semiconductors often
work well at high temperatures. This condition needs to be
treated due to the energy consumption and unwanted long-
term drifting problems caused by the sintering effects in the
metal oxide grain boundaries at elevated temperature [10].
Several researchers have reported that zinc oxide is one of
the most promising materials for detecting NO, gases [11,
12]. ZnO-based gas sensors have an excellent response to
NO, even at low concentrations. However, to function well,
the traditional ZnO-based gas sensors need to be heated to
temperatures ranging from 200 to 600 °C [13]. Lowering
the operating temperature can not only effectively reduce
energy consumption, but also improves safety in the complex
atmosphere, especially in flammable gas conditions [14].
In addition, to improve economic efficiency and safety, the
development of semiconductor sensors at low temperature
or even at room temperature also increases the long-term
stability of the sensors [15].

The preparation method is very important to establish
the best performance of gas sensors based on semiconduc-
tor metal oxides. Zinc oxide has been prepared by several
production methods and each method gives different results
to others. Kim et al. [16, 17] prove that sensor based on ZnO
nanoflowers, prepared by Micropatterning method, had a
response value of 29 in 50 ppm NO, gas at 270 °C; however,
the sensor based on ZnO, prepared by microwave irradiation,
gives a response value of 12.57 to 1 ppm level NO2 gas at
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300 °C. Jun et al. [18] report that the gas sensor based on
ZnO, prepared by patterned thin film and then annealed,
has a high NO, detection response with rapid recovery and
response times at low operating temperature (200 °C). Zhang
et al. [19] had prepared ZnO sensor by liquid plasma spray
which it gives 9.2 values of response to 1 ppm of NO2 at
high operating temperature (300 °C). Therefore, it is impor-
tant to find another quality of ZnO powder prepared by a
simple and fast method on one hand and we need a low-cost
processing protocol which does not require the presence of
modern and rare machines on the other hand.

In this study, we have prepared zinc oxide nanopowder by
a simple auto-combustion method and then, the as-obtained
product was calcined for 7 h at 600 °C. We have investigated
the microstructural and morphological proprieties by XRD,
XPS, and SEM characterizations. The optical properties
were investigated by UV-visible-NIR spectroscopy char-
acterizations. The sensing properties of ZnO sensor towards
0.5,0.75, 1, 3, and 5 ppm NO, gas has been investigated.
We have tested ZnO-based sensors at different temperatures
and in the dark conditions at which we observed strong
responses.

2 Experimental details

2.1 Synthesis

The pure zinc oxide was elaborated by using an auto-
combustion method. Dehydrated analytical grade zinc
acetate [Zn(CH;COO), x2H,0; 99%] and glycine

(NH,CH,COOH) were completely dissolved in distilled
water until a homogeneous solution was obtained. Glycine

Zn(CH3COO)2 NHZCHZCOOH

Constant magnetlc

agitation in the ambient

was used as fuel with a ratio (1:2) taken according to the
stoichiometry proportion of zinc acetate. Then, the solu-
tion was stirred under room temperature about 1 h until
uniform solution is obtained. The mixed precursor solu-
tion was evaporated on a hot plate at 80 °C with constant
magnetic stirring and concentrated by heating until the
excess of free water was evaporated with the formation of
a viscous gel. The gel obtained was inflamed by raising the
temperature to 300 °C. After that, burned powder samples
were observed. The burnt powder was treated for 7 h at
600 °C. Finally, the synthesized nanopowders were ground
for 1 h. Figure 1 shows the stages of the preparation proto-
col. This protocol is further explained by Irshad et al. [20]

2.2 Characterization

We have measured the crystalline structure, particle size,
morphology, and optical proprieties by the following
measurements: X-ray diffraction (XRD); scanning elec-
tronic microscopy (SEM); UV—-Visible-NIR spectroscopy;
and X-ray photoelectron spectrometry (XPS). The crystal
structure and the morphological properties of the prepared
ZnO powder were observed by X-ray diffractometer (XRD,
D8 Advance, Bruker AXS, Germany) and field-emission
scanning electron microscopy (FE-SEM, S4800II, Hitachi,
Japan), respectively. The phase constitution of the syn-
thesis nanopowders was obtained by X-ray photoelectron
spectroscopy (XPS, ESCALAB 250Xi, Thermo Scientific,
USA). We have used UV-Vis—NIR spectrophotometer
(Shimadzu UV-3101PC) in the wavelength range of 200
to 1800 nm to determine the light absorption properties.

Constant magnetic stirring

at temperature 80 °C < T <90 °C

Distilled water Homogeneous Viscous gel
solution
Heating up
to 300 °C

% Calcination at 600 ° C for E

7 h then grinding for 1 h

ZnO nanopowder

Fig. 1 Preparation protocol
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2.3 Fabrication of the sensors

We have dispersed 250 mg of the prepared nanopowders in
2.25 ml of distilled water. Then, the prepared suspension was
dispersed by a probe-type Ultrasonicator until a uniformly
dispersed solution is obtained. The homogeneous dispersion
was deposited by spraying on alumina substrates (Al,O5)
equipped with a pair of interdigitated gold electrodes and Pt
heating elements on the back side (C-MAC Micro Technol-
ogy Company, Belgium), as shown in Fig. 2. Before sensing
tests, the fabricated sensors were calcined for 1 h at 400 °C
in air to stabilize the deposited layer.

2.4 Sensing tests

The purpose of this work is to study the response of sen-
sors based on the same material at high temperatures and
at room temperature with light assistance. The sensing tests
were carried out by measuring the variation of the elec-
trical resistances between air and the target gas. The gas
system containing a teflon chamber (Fig. 2) which it was
contained the prepared sensor. The gas cylinders are con-
trolled by flowmeters and an electrical system to operate
the sensors at a controlled temperature and perform resist-
ance measurements while varying the concentration of the
target gas. Before the test, a commercial synthetic air (79%
N, +21% 0O,) is injected into the chamber until the elec-
trical resistance becomes stable (~2 h). After that, com-
mercial NO, gas (balance gas is air) is introduced into the
chamber to get the desired NO, concentration of 0.5, 0.75,
1, 3, and 5 ppm. After 15 min of injection, the NO, gas
is removed. These tests were carried out in 50% relative
humidity at 22 °C. The response of the gas is defined as the
ratio R = (Ryo, = Ryir) /Ryir» Where Ryo and R, are the
electrical resistance by 50% relative humidity of the sensor
at different NO, gas concentrations and in air, respectively.
The response and recovery times were evaluated at 90% of

Teflon cell

thin film

Resistor
measurement

Fig.2 Scheme of test chamber and ZnO sensor substrate

the resistance change after exposure to the target gas and
air, respectively.

3 Characterization
3.1 Sample microstructure and morphology

The X-ray diffraction pattern of the ZnO nanopowder was
refined by using Rietveld analysis of fullprof’s program
[21] and was shown in Fig. 3a. The values of the various
structural parameters have been calculated and listed in
Table 1. The refined network parameters obtained confirm
the formation of ZnO under the hexagonal wurtzite structure
with reticular plans (100), (002), (101), (102), (110), (103),
(200), (112), and (201) and space group P63mc which cor-
responds to the standard JCPDS data card n°00-005-0664
[22]. The existence of several diffraction peaks indicates the
polycrystalline compound. The average size of the crystal-
lites (D) was calculated by using the following equation
of Debye—Scherrer [23]. The obtained D, value is 44 nm
as presented in Table 1. The goodness of fit (y?) was a low
value which suggests that the refining of the sample is effec-
tive and that the sample obtained was of better quality. The
unit cell volume for a hexagonal system was calculated from
the following equation: [24]

V=0866-d>c (1)

The wurtzite structure has a hexagonal unit cell with two
network parameters, a and ¢, and a ratio ¢/a=1.633. The
deviation of the crystal from the perfect arrangement can be
calculated by expressing the degree of distortion R=1.633 a/c,
where R=1 gives an ideal wurtzite structure with c/a=1.633
[24]. In addition, the size of the crystallites and the lattice
strain of ZnO particles were evaluated by using Williamson-
Hall method [25]. Representative plots of a Williamson-Hall

<——————Alumina (Al203)
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Ptheater ————— >
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Fig.3 a Rietveld refinement of the X-ray diffraction pattern and b Williamson—Hall plot for ZnO prepared by auto-combustion method

Table 1 Lattice constant (a, c),

unit cell volume (V), Rietveld a (f‘) 32493
refinement parameters, specific c(A) 5.2049
surface area (S), X-ray density \% (A3) 47.589
(Px-ray)» and cristallite size cla 16018
R 0.9999
7 1.81
Rp (%) 8.87
Ry, (%) 11.0
R, (%) 8.19
S (m%g) 12
Pxray (8 cm™) 11.3583
Dy, (nm) 4
Dy (nm) 61.35
£x 107 89
Dggy (nm) 62

sample of ZnO is shown in Fig. 3b. The curve of fcos0 as a
function 4siné provides the strain through the slope of the line
and the size of the particles (Dy_g) can be evaluated from
the interception of the line. Table 1 shows that the average
size of the crystallites estimated from the Scherrer equation
is very different from that obtained by W—H plot. This differ-
ence can be explained by the presence of the fact micro-stress,
by which it can induce a larger widening of the diffraction
peak, whereas, in the Scherrer equation, the total width of the
diffraction peak is taken into account in the calculation The
microtension of the network as the sample obtained using the
Williamson-Hall method displays a positive value which indi-
cates the existence of a small microtension in the crystalline
network. We have studied the morphology of the ZnO samples
by SEM analysis and the frequency as a function of the particle

@ Springer

size which we can esteem as the average grain size. These
results are shown in Fig. 4. The obtained image indicates the
presence of agglomerates composed by a non-uniform distri-
bution of grains in spherical form and of average size equal
to 62 nm. Table 1 presents the crystallite and the grain size of
the ZnO sample deduced from the XRD and SEM investiga-
tions, respectively. By comparison with the particle size values
estimated from SEM, the average particle size agrees with the
average particle size estimated from the W—H model. In the
present study, we can conclude that the model of Williamson-
Hall is the most suitable method than the Scherrer formula.
In addition, we can conclude that each sample grain is almost
monocrystalline in nature. By considering that a basic unit cell
of the cubic spinal structure contained eight ions, the X-ray
density (px.r,y) Of the sample can be calculated by using the
following equation [25]:

4-M

PXray = m @)

where “N,” is Avogadro’s number, “M” is the molecular
weight of each compound, “v” is the volume, and 4 represent
sthe number of molecules in a unit cell of the hexagonal
wurtzite lattice. This can explain to us that the density of
X-rays is directly linked to the molar mass and inversely
linked to the unit cell volume of the material. If all the par-
ticles are spherical, the specific surface has been calculated
from the relation [25]:

g 6000

D PX-ray Q)

where the constant 6000 is called form factor for spherical
particles, “px_,,” is the X-ray density, and D is the diameter
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Fig.4 SEM image of ZnO sample prepared by auto-combustion method

of the particle. The auto-combustion method is known to
synthesize nanopowders with high specific surface area (S).
The specific surface area of ZnO nanoparticles has a high
value (12 m%/g) which is needed for sensing application
[26-28].

We have investigated the X-ray photoelectron spectros-
copy (XPS) of the ZnO sample to have information about
elemental identification of the constituents in the sur-
face region. The core levels of C 1s, O 1s, and Zn 2p are
detected and shown in Fig. 5a—c, respectively. Generally,
the binding energies of 284.6 of C 1s are used as internal
references in the spectrum [29].The spectra corresponding
to the O 1s and the Zn 2p3 spectra of the ZnO,_yx samples
are calibrated by the binding energy of the C 1s (284.6 eV)
as an internal reference spectrum [30]. The Zn 2p3 spec-
trum exhibits a located peak at 1021.1 eV, corresponding
to the 2p 3/2. It confirms the existence of the ions Zn** in
the composites. The Ols signal deconvoluted into three
subcomponents at 528.33, 529.87, and 531.16. The peak
of 531.16 eV (at high banding energy) is associated with
defective oxygen and the signal 529.87 eV is assigned to
the oxygen network in the hexagonal structure of ZnO [31,
32]. We know that the O 1s peaks are strongly influenced
by the oxidation state of ZnO. In Fig. 5c, we have seen that
the intensity of the defective oxygen peak has a significant
value, which means that there are oxygen vacancies in the
sample. Xu et al. have proven that oxygen vacancies are
easily created in metal oxides during the hydrothermal
process [33—-35]. We can conclude from the core levels of
Zn and O that there are rich double-donor defects (intersti-
tial of Zn and vacancy of O) in our sample [36].

3.2 UV-visible-NIR characterization

We have studied the optical properties of pure zinc oxide
by UV-Visible-NIR absorption and reflectance spectra

2.00um

mmZnO
Lorentz Fit

40 60 80 100 120 140 160
Particle size (nm)

measurements in the range 200-1800 nm and the results
are presented in Fig. 6a, b, respectively. We have inves-
tigated that a high absorbance appears in the UV range
(200—400 nm), but for the wavelengths higher than 400 nm,
we have observed a remarkable increasing of the absorb-
ance in the visible and near-infrared ranges. This result is
confirmed by the optical diffuse reflectance of ZnO nanopo-
wders measured at room temperature. The reflectance has a
value under 4% in the UV range which shows that absorp-
tion is highest in this region. In contrast, the reflectance has
more than 80% in the Visible-NIR light region, which indi-
cates that the optical diffusion power of this type of material
is important in this range. We have studied the variation
of (ahv)? as a function photon energy (Fig. 6a), which it
was according to Tauc’s law relationship [37, 38]. The gap
energy of ZnO, estimated from Tauc’s plot, was equal to
3.17 eV. To confirm this result, the energy of the band gap
is estimated using the first derivative of the reflectance (dR/
dA) [39, 40]. The spectrum of variation of the first derivative
of the reflectance (dR/dA) as a function of the wavelength (1)
for the ZnO nanopowders is illustrated in the inset of Fig. 6b.
The estimated value of the gap energy of this method is very
close to that estimated by Tauc’s law. The value of the band
gap is corresponding to the wavelength of value 391 nm.

3.3 NO, sensing tests

The gas detection characteristics of a ZnO thin layer, thick-
ener ~ 10 pm, have been studied in the NO, concentration
range from 0.5 to 5.0 ppm as target gas using various work-
ing temperatures from 100 to 350 °C in the dark. Fig. 7a
shows the resistances of the ZnO sensor as a function of time
at different temperatures and under different concentrations
of NO,. The resistance under air was decreased when the
operating temperature was increased. Under the exposure of
NO, gas, the resistance of the ZnO sensor has been increased

@ Springer
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Fig.6 a Absorbance and b reflectance spectra of ZnO sample prepared by auto-combustion method

whatever the operating temperature which indicates that
our material is sensitive to NO, molecules. The transient
response curves, between 0.5 and 5.0 ppm of NO, concentra-
tion, as a function of operating temperature indicate better

@ Springer

performance of the sensor in the operating temperature rang-
ing from 100 to 200 °C, as shown in Fig. 7b. In particular,
we have seen the best response at 150 °C which is reached
approximately 200 times to 1 ppm of NO,. The response/
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Fig.7 a ZnO sensor resistance versus time under different tempera-
ture and b ZnO sensor response versus operational temperature under
different concentration of NO, gas

recovery times, presented in Table 2, were slow at the oper-
ating temperature below 200 °C. For an optimal temperature
of 150 °C, the response time of 5 min and the recovery time
of 2.5 min of the device dramatically decreased when the
operating temperature was 300 °C. It is clear in Fig. 7b that
the NO, sensing response is better at a working tempera-
ture of 150 °C whatever the gas concentration. However, the
response of the sensor decreases at temperatures of 250 °C

Table 2 Response and response/recovery times versus temperature of
ZnO in 1 ppm of NO, under dark condition and 50% of humidity

Tempera- R, (Q) Response Response  Recovery
ture (°C) (RNOZ - Rair) /R, time (min) time (min)
100 8.36x 10° 185.6 6.9 6.4

150 5.96 x 10° 208.5 5 25

200 2.69x10°  89.1 9 1.5

250 233 % 10° 5.6 33 1.4

300 1.60 x 10° 0.9 2.6 0.6

and 300 °C. This means that at higher temperatures the sen-
sitivity of the sensor based on ZnO decreases. This may be
due to the atomic oxygen species which compete with the
NO, gas molecules for the energy sites on the surface of the
metal oxide [41]. The transient response of the ZnO sample,
under different concentrations of NO, arranged between 0.5
and 5.0, was studied at the optimal temperature of 150 °C.
This low operating temperature is linked to the small gap
energy value (E,=3.17 eV) of this present material compar-
ing against zinc oxide elaborated by other techniques (E,
3.3 V). The results are presented in Fig. 8. In Fig. 8, the
response value of ZnO sensor was increased to 72, 139, 208,
478, and 713 as the concentration of NO, increased from
0.5, 0.75, 1, 3, and 5 ppm, respectively. This is due to the
high fundamental specific surface which is 12 m%/g.

The ZnO sensor responses toward other tested gases, such
as NO2, acetone, ethanol, and formaldehyde, at the same
temperature of 150 °C were investigated and presented in
Fig. 9. These results indicate that the ZnO sensor exhibits an
ultra-high response 208 to 1 ppm of NO, concentration. The
responses to other environmental gases for 5 ppm of concen-
tration is very low (under 15), indicating a good selectivity
toward NO,.

The pure zinc oxide has been prepared by simple auto-
combustion method and was tested to NO, gas under differ-
ent temperatures in the dark condition. Table 3 presents our
NO, gas sensor-based ZnO, at a low operational temperature
of 150 °C; compared to the other ZnO sensor prepared by
other production methods, this sensor presented had an ultra-
high response to NO, gas at ppm levels, the more it was the
lower the response and recovery time than other sensors. Jun
et al. [18] obtained higher response of 400 towards 5 ppm
NO, gas in operating temperature of 200 °C and the response
and recovery times were respectively 0.17 and 0.22 min with

800

—2ZnO NO,150°C |
700 - _ 800 50 %RH

< * | in the dark
=600} % 600 / !
D:M & 1
= P [ ] I
5007 £ 400 /
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) 5 2000 x
e 3008 v
@ 200 ¢
2
@ 100
2 £ \

'l Igll II; ! L ' ' L | nll II © ! 'l
4000 6000 8000 10000 12000 14000 16000 18000
Time (s)

Fig.8 Sensor response versus time in 0.5, 0.75, 1, 3, and 5 ppm of
NO, gas concentrations at 150 °C under dark
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Fig.9 Selectivity of ZnO-based sensor to various gases at 150 °C and
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no used activation light. Compared with our case, we have
an ultra-high response of 713 towards 5 ppm NO, gas in
150 °C operating temperature. ZnO prepared by Zhang et al.
[19], ZnO/graphene nanocomposites synthesized by Kim
et al. [17], and AZO-2 elaborated by Y. H. Zhang [44] have
been tested to 1 ppm NO, which indicate responses of 9.2 in
300 °C, 12.57 in 300 °C, and 103.98 in 240 °C, respectively.
The other studies, presented in Table 3, of pure and doped
ZnO found responses less than 30 to high NO, concentra-
tions (more than 10 ppm) at high functional temperatures
(more than 200 °C).

3.4 Sensing mechanism

The detection mechanism of the ZnO sensor is explained by
the change in conductivity caused by the chemical reaction
between the adsorbed oxygen and the gas to be detected on
the surface of the sensor material. During crystal growth,

there may be a small number of intrinsic oxygen defects
(oxygen vacancies) produced. Those oxygen vacancies act
as donor levels releasing electrons in the conduction band.
Sub-stoichiometries ZnO is a n-type semiconductor. Sec-
ondly, the oxygen vacancies act as preferential adsorption
sites for the oxygen molecules from the air and subsequently
combine with electrons on the ZnO conduction band to form
ionized O,~, O™, and O~ species according to following
reactions:

02 +e - 02_(ads) (4)

Oty T € = 204y 5)
_ _ o

Opay + € = Oy (6)

The ionized O,~, O~, and 0+ species are dominant below
150° C, between 150 and 300 °C, and above 300 °C, respec-
tively [46]. The principle of absorption of oxygen on the
sensor surface was more explained in Fig. 10. The oxygen
species adsorbed on the surface of ZnO are mainly O™ at
150 °C, and a depletion zone is formed due to the electrons
trapped by the oxygen (Fig. 11). As the sensitive layer is
made of small grains, the electrons have to jump through a
potential barrier between the grains. The global resistance of
the deposited layer being linked to the sum of the resistances
of the contacts between the ZnO grains. The conductance for
this kind of structure can be expressed as follows:

eV
G = Gyexp _kB-T @)

Equation (7) shows the role of the potential barrier which is
of course directly linked to the amount of adsorbed molecule
par surface unit. Currently, a major problem with semiconduc-
tor gas sensors at room temperature is kinetics: response and

Table 3 Performance of ZnO as 150 °C of temperature NO, sensor in comparison with ZnO literature results

Materials Fabrication method Sensing tem-  NO, (ppm) Response Response/recov-  References
perature (°C) ery times (min)

ZnO Patterned thin film and annealing 200 5 400 1.68/0.9 [18]

ZnO/CuO NWs Hydrothermal 350 10 30 4.16/5.67 [42]

ZnO Liquid plasma spray 300 1 9.2 8.7/over 20 [19]

DF-ZnO Micropatterning technique 270 50 29 0.42/0.47 [16]

Nanoflowers

ZnO/graphene Microwave irradiation 300 1 12.57 2.13/1.42 [17]

Nanocomposites

Al:ZnO Sol-gel 200 100 18.5 0.13/2.01 [43]

AZO-2 Hydrothermal 240 1 103.98 0.88/0.35 [44]

AZO hollow nanofiber Sputtering 250 0.5 10.74 0.38/0.42 [45]

ZnO Auto-combustion 150 1 208.5 5/2.5 This work
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Fig. 10 Principle of adsorption 0,
,gas
of oxygen on the surface of the .
7ZnO-based sensor 150 °C 300 °C
02 phys. 0; (ads) | 2 o(adS) | (ads)

€zno

v

Distance from surface X (a.u)

Fig. 11 Scheme of the effect of the adsorption of an acceptor mol-
ecule (like oxygen) on the surface of the semiconductor

recovery rates. Response and recovery times are very long
because we are dealing with chemical adsorption phenomena
that are activated. Taking Langmuir’s adsorption model as a
first approach (Wolkenstein’s model considering the electron
transfers is more adapted), we may write the following:

If N is the surface concentration in adsorption sites, the sur-
face coverage can be defined as the fraction of sites occupied
by the adsorbate.

[X*]
o=
S ®)
do
E = Tads ~ Tdes (9)
=Ky (1-0)-p (10)
Tdes =Kdes -0 (11)

Times of adsorption and desorption are expressed [47]
as follows:

)P ............ m—— ?9)?9 ..... .

Depletion layer

2 ezno 2 ezn0

1
Fads KadsPA + Kdeq (12)
1
Tdes K_ (13)
des

where K, 4., K,... and P, are the adsorption coefficient, the
desorption coefficient, and the partial gas pressure, respec-
tively. In this case, P, is a constant. The adsorption and
desorption times are inversely proportional to K, and
K. respectively. So that, increasing K4, and K., exhibit

ads
decreasing 7,4, and 74, K 4 and K are determined by the
following expressions:

-E
K,y —KO exp( ads)
kgT

-E
Ky = K° exp( des)
es des kBT

where ky and T are Boltzmann constant and the temperature;
E4 and E_, are the desorption and adsorption activation
energies, respectively; and K°,, and K°,; are adsorption and
desorption constants, respectively. We can see that the coef-
ficients K4, and K. mainly depend on the temperature and
increase with increasing temperature, which can explain the
decrease of the response and recovery times with increas-
ing the temperature in the test of the ZnO sensor at differ-
ent temperatures (Table 2). At equilibrium, we can express
the surface fraction occupied by the gas 6 by the following
equation

(14)

s)

KP,

TPy 1 (10

where K is the adsorption constant and is expressed as
follows:
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Kus _ K 0 .
K= ﬁ‘: = ﬁ‘: exp(ﬁ), which Q, 4 = Ege — E s
a7
The response to gas is linked to 6. Of course, the higher
the adsorption heat, the higher the surface coverage. When
NO, is injected, NO, molecules can adsorb on the surface
and capture electrons from the ZnO conduction band (CB) to
form NO,™ species (Eq. 18), which could further increase the
height of the barrier potential at the surface and therefore cause
an increase in electrical resistance of the material (Fig. 12).
O™ from the surface of the material can combine with NO, gas
to form NO and O™ (Eq. 19). The reactions, that are produced
in this process, are as follows: [16, 48]

NOygss) + €7 = NO, ) (18)

_ _ _ o
NO2(ads) + O(ads) +2e” = NO(gaS) + 2()(alds) (19)

The band structure is shown in Fig. 13. During the con-
tact of ZnO with NO,, electrons are captured from the
conduction band at the surface which will increase the
potential barrier (P.B.) at the surface because the electron

Fig. 12 Schematic of the gas
sensing process in air and in
NO,

affinity of NO, is bigger than that of oxygen (E,=0.48 eV
for O,, E,=2.04 eV for NO,) and the trap is deeper [49].
causing more electrons captured from the conduction band
to form NO,~ and NO species resulting in an increase of
the sensor resistance [50]. When NO, is injected, a com-
petition takes place on the surface of the semiconductor
with the already adsorbed oxygen. As oxygen at low tem-
perature desorbs slowly, its replacement with NO, can
take a long time. That is why the response is slow and
lower. Also, the recovery is slow because desorption is
slow. The adsorption phenomenon is exothermic and the
adsorption constant decreases with temperature. That is
why the response decreases for high temperatures.

4 Conclusion

In this study, we prepared ZnO by auto-combustion method.
The measurement by X-ray diffraction indicated the poly-
crystalline material and the structure of hexagonal wurtzite
with space group P63mc. The average crystallites size was
estimated by two methods: Scherrer and Williamson-Hall
which are 44 and 61.35 nm, respectively. Consequently, the
crystallites are nanometric. Morphological study by SEM

- Electric potential

S i : T_

Particle

Surface Air

Fig. 13 Schematic of the gas sensing process of ZnO in 150 °C in the dark
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analysis indicated the presence of hexagonal agglomerates
made up of nanometric particles as it has an average size
62 nm. The absorption spectra in the UV-Vis—NIR range
highlighted higher absorption in the UV range of ZnO
powder. The band gap energy which was defeminated by
Tauc’s law model is equal to 3.170 eV. The sensing test
of ZnO sensor at different measurement temperatures in
dark for 0.5, 0.75, 1, 3, and 5 ppm of NO, concentrations
was investigated. It was indicated that the sensor exhibits a
high response at low operational temperature of 150 °C and
acceptable response/recovery times compared to the results
obtained in the literature of ZnO elaborated by other meth-
ods. In addition, this sample is selective for all gas used in
the present work.
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