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Abstract
ZnO nanoparticles have been prepared by auto-combustion method. Morphological and structural properties of the prepared 
samples were investigated by SEM, XRD, Raman and XPS characterizations. The XRD diffractogram of the sample indicates 
that ZnO has a hexagonal wurtzite structure. The crystallites average size, calculated from the Williamson–Hall plot, was 
69.3 nm and the estimated by the SEM image (76.86 nm). Raman investigation indicates different modes of atomic displace-
ment which correspond to longitudinal/transversal optical components with different frequencies. These modes are due to 
the macroscopic electric fields associated with the basic phonon of hexagonal ZnO. The XPS spectra indicate the presence 
of Zn and O in the structure with a small number of interstitial  Zn2+, oxygen vacancies (Vo), and a negligible amount of 
chemical bonds with carbon (=CO …), confirmed by FTIR spectroscopy. The UV absorbance and reflectance spectra show 
a high absorbance with gap energy of 3.17 eV, estimated by Tauc's model. The a.c. electrical spectroscopy can be described 
by the Jonscher universal power-law. The charge carriers move according to the correlated barrier hopping pattern over 
the dispersive region. At room temperature, the conductivity of ZnO is high (~ 8 ×  10–6 S.m−1) making it promises for gas 
detection applications. The sensor was prepared by spraying the suspension of ZnO nanopowders on alumina substrates 
with pre-deposited gold interdigitated electrodes. The sensor responses of  NO2, for concentrations of 0.5, 0.75 and 1 ppm, 
were investigated at room temperature under illumination with different wavelengths. The best response of the sensor was 
obtained for a concentration of 1 ppm  NO2 excited by 400 nm (purple) and 380 nm (UV) wavelengths, which were 91 and 
88 with response/recovery times equal to 4/6.7 min and 4.4/3.3 min. Higher responses at the lower wavelength are due to 
the higher excitation energy which tends to excite more electrons, at the material surface, subsequently participating in the 
detection mechanism with gas molecules

Keywords Auto-combustion method · Room temperature gas sensor · NO2 sensor · UV or visible light effect · Electrical 
properties

1 Introduction

Air pollution is a major global environmental risk to our 
health and food security.  NO2 is one of the polluting gases 
harmful to the human respiratory system, causing respira-
tory diseases as pulmonary edema, being also toxic for the 
environment since it is the main source of nitric acid respon-
sible for acid rain [1, 2]. So, it is urgent to build low-cost 
sensors for rapid and efficient detection of toxic and danger-
ous gases, such as  NO2, and sensitive to low concentration. 
In recent years, metal oxide gas sensors attracted the atten-
tion of researchers due to their numerous useful features 
such as low concentration detection limit, high sensitivity, 
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good chemical and physical properties, low cost and high 
availability [3–5].

The sensing mechanism is based on the exchange of elec-
trons between the surface of the material and the adsorbed 
gas molecules. Indeed, when a gas adsorbs on the surface, if 
the interaction is strong enough (chemisorption), an electron 
can take place, and the concentration of charge carriers in 
the semiconductor is affected. This surface doping is revers-
ible. The conductivity change is directly related to the gas 
adsorption thanks to the adsorption equilibrium. The sensor 
consists of a pair of electrodes on an insulating substrate 
covered with a sensitive semiconductor. The useful signal is 
the resistance or impedance change between the electrodes. 
The choice of the sensitive materials depends on the target 
gas. The sensitive layer should be porous and present a high 
specific surface area to optimize the contact with the gas and 
the surface-to-volume ratio.

Traditional semiconductor gas sensors based on metal 
oxides must operate at high temperatures, to improve the 
detection kinetics which are too slow at room temperature. 
The ZnO-based sensors often operate at temperatures rang-
ing from 200 to 600 °C [6, 7], which increases the energy 
consumption, the difficulty in choosing and designing the 
substrate and the manufacturing cost. High temperatures can 
induce grain growth and deteriorate long-term performance, 
which justifies the challenge of reducing the operating tem-
perature of the sensors. The development of advanced nano-
structured materials can reduce the working temperature of 
metal oxide-based gas sensors until reaching room tempera-
ture [8]. The synthesis and optimization of nanostructured 
metal oxides can be carried out in different ways, but the 
specific surface area should always be the key parameter. 
This is the main reason why a great effort has been made 
to synthesize nanomaterials, with one or two dimensions, 
with high specific surface area for gas detection applications.

NO2 is an electron acceptor, As the sensing mechanism 
is based on the exchange of electrons between the surface of 
the material and the adsorbed gas molecules, there should 
be enough free electrons in the conduction band (CB) of 
the material to be captured by  NO2. However, in the case of 
broadband semiconductors, there are almost no free elec-
trons in the conduction band at room temperature under dark 
conditions. The use of light irradiation is an effective strat-
egy to reduce the operating temperature of broadband semi-
conductors as gas sensors. Therefore, lighting, instead of 
heating, can provide external energy to improve the response 
kinetics and increase the concentration of free electrons in 
the conduction band of semiconductors [9]. Recently, gas 
sensors based on ultraviolet (UV) activated metal oxide sem-
iconductors have been reported [10–12]. Illuminating these 
sensors with UV light is an alternative to improve chemical 
reactions on the surface of the metal oxide without the need 
for heating [13, 14]. It has been suggested that ultraviolet 

or visible light affects the performance of the gas sensor 
because it can facilitate the dissociation of gas and chemical 
components adsorbed on the surface [11, 12], increase the 
density of free electron–hole pairs and consequently creat-
ing electric carriers [15]. These physicochemical phenom-
ena allow the detection of gas at room temperature and the 
use of these metal oxides as sensors activated by light for 
different applications with low energy consumption. The 
main differences between these two light sources are that 
the sources in the ultraviolet wavelength are expensive and 
consume energy, and the visible light sources are cheaper 
and more energy efficient. Therefore, visible light is a poten-
tial candidate to replace UV light to activate metal oxide gas 
sensors at room temperature [16]. Generally, electron–hole 
pairs are photo-generated only when the semiconductors 
are illuminated under light with photonic energy greater 
than its bandgap energy [17]. That is, for ZnO-based gas 
sensors the wavelength of the excitation light must be less 
than the wavelength corresponding to the intrinsic energy of 
the bandgap of ZnO [18, 19]. However, it has been shown 
that it is possible to work with longer wavelengths (smaller 
energy) because the physicochemical reactions on the sur-
face demand less energy [16].

In this work, zinc oxide nanoparticles were prepared by 
the auto-combustion technique. Morphological and struc-
tural properties of the prepared sample were studied by 
Scanning Electron Microscopy (SEM), X-Ray Diffraction 
(XRD), X-ray photoelectron (XPS) and Raman spectrosco-
pies. The optical properties of the prepared ZnO nanopar-
ticles were investigated by UV–Vis-NIR and FTIR spec-
troscopies. The electrical characterization was carried out at 
several temperatures (200–400 K), in the frequency range of 
100 Hz–1 MHz. The sensor was elaborated by spraying an 
aqueous solution of ZnO on an alumina substrate with gold 
interdigitated electrodes. The sensing properties of ZnO for 
a concentration 0.5, 0.75 and 1 ppm of  NO2 gas have been 
investigated. ZnO-based sensors were tested under different 
light illumination such as UV, purple, blue and green lights 
at room temperature. Strong responses were observed, espe-
cially under excitation with short light wavelengths.

2  Experimental details

2.1  Synthesis

Zinc oxide was prepared by the auto-combustion method. 
Dehydrated zinc acetate [Zn(CH3COO)2·2H2O; 99%; Sigma 
Aldrich MFCD00066961] and glycine  (NH2CH2COOH; 
Sigma Aldrich MFCD00008131) with a ratio (1:2), were 
dissolved in distilled water at room temperature. Glycine 
plays the role of fuel. The obtained solution was evaporated 
using a hot plate at 80 °C with constant magnetic stirring 
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until the formation of a viscous gel. This gel was ignited by 
raising the temperature up to 300 °C. The burnt powder was 
calcined in a muffle furnace at 600 °C for 7 h to remove the 
organic compounds with Carbone. The obtained nanopow-
ders were ground manually for one hour.

2.2  Characterization

The structure, morphology and optical properties of the pre-
pared sample were characterized by XRD, XPS, FE-SEM, 
UV–Vis-NIR spectroscopy, by Raman and FTIR spectrosco-
pies. The microstructure of the prepared ZnO powders was 
carried out by an X-ray diffractometer (D8 Advance, Bruker 
AXS) and X-ray photoelectron spectroscopy (ESCALAB 
250Xi, Thermo Scientific). XPS was recorded using AlKα, 
as a source with hν = 1486.6 eV under a vacuum of about 
2 ×  10−6 Pa. The XPS was calibrated using sputtered refer-
ences material Ag (for peak position, work function), Au 
and Cu (for retard linearity). Charge compensation was done 
using dual compensation (electron and very low energy 
ion gun (Ar)). Charge compensation was checked using a 
reference PET sample. The morphological structure was 
obtained by field-emission scanning electron microscopy 
(S4800II, Hitachi). The optical properties were taken using 
UV–Vis-NIR spectrophotometer (Shimadzu UV-3101PC) 
in the wavelength range of 200 to 1800 nm and FTIR spec-
trophotometer. The Raman spectroscopy was performed by 
using a Jobin–Yvon spectrometer, at room temperature, in 
backscattering geometry with exciting light (λ = 532 nm).

The impedance spectroscopy technique, carried out in 
function of the sample temperature (200–400 K) and fre-
quency of the applied ac field (100 Hz–1 MHz), was used 
with an Agilent 4294 analyzer working with an amplitude 
of 500 mV. To perform this study, sample powders were 
pressed into pellets (diameter≈ 6 mm; thickness < 1 mm). 
The sample´s electrodes were made by painting the oppo-
site surfaces of the pellets with silver conductive paste. The 
measurements were performed in a helium atmosphere to 
improve the heat transfer and avoid moisture.

2.3  Sensing tests

With a probe-type Ultra sonicator 250 mg of the prepared 
ZnO nanopowder were dispersed in 2.25 ml of distilled 
water until a uniform solution were obtained. The prepared 
solution was deposited by spraying on interdigitated gold 
electrodes on alumina substrates  (Al2O3) (C-MAC Micro 
Technology Company, Belgium) heated by a hot plate at 
200 °C. To stabilize the deposited layer, the fabricated sen-
sor was heat-treated at 400 °C, for 1 h.

The responses of ZnO-based sensors were studied at room 
temperature when submitted to light with different wave-
lengths. For the sensing tests, the electrical resistance was 

measured when the sensor is in the air or in a gas atmosphere 
 (NO2). Figure 1 presents the scheme of the test chamber. 
Commercial Ultra-Violet, purple, blue and green LED lamps 
were used as the external photon source (Fig. 1 led bulb), 
fixed in a Teflon chamber, which is in front of the sensor 
under test. The light intensity was 3 mW/cm2. The target 
gas concentration and zero air flow rate controlled by mass 
flow meters (El-flow, Bronkhorst). Before doing the sensing 
test synthetic air, 79%  N2 + 21%  O2 was injected into the 
cell, at a pressure of 1 atm, and the system was allowed to 
stabilize for approximately 2 h, until the electrical resistance 
was stable. Then  NO2 gas, with the desired concentration 
of 0.5, 0.75 and 1 ppm, was introduced in the test chamber, 
for a maximum of 15 min. The tests were performed in 50% 
relative humidity. For this half of the synthetic air is passed 
through a bubbler containing distilled water, at a temperature 
of 22 °C, before injection into the cell. The sensor result was 
defined by “Response =  (RNO2 −  Rair)/Rair”, where  RNO2 and 
 Rair are the measured electrical resistance of the sensor in 
 NO2 gas and in the air, respectively. The response and recov-
ery times were calculated at 90% of the resistance change 
after exposure to the target gas and air, respectively. The 
resistance was measured at the terminal of the two interdigi-
tated electrodes covered with the deposited material.

3  Results and discussion.

3.1  Structural and morphological proprieties

The XRD diffractogram was refined (Fig. 2) using the Full-
prof software [25]. The XRD peaks at 2Ɵ = 31.78°, 34.44°, 
36.28°, 47.56°, 56.61°, 62.91°, 66.39°, 67.97° and 69.14° 
can be ascribed to the reticular plane of (100), (002), (101), 
(102), (110), (103), (200), (112) and (201), respectively, of 
the hexagonal structure of ZnO according to JCPDS No. 

Fig. 1  Scheme of test chamber
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01-073-8765. The goodness of fit (χ2) has a value closer to 
1 (1.81) suggesting that the quality of the sample refinement 
is good. The average size of the crystallites and the deforma-
tion of the ZnO lattice were evaluated using the Williamson-
Hall model expressed as follows: [20]

where β and θ are the full width at half maximum and the 
angle of the diffraction peak, of the different planes (hkl). 
K is the shape factor (0.9), λ present the X-ray wavelength 
(0.154 nm), and ε is the lattice strain. The Williamson–Hall 
plot of ZnO is shown in the inset of Fig. 2. The strain was 
calculated from the slope of the line, and the average crystal-
lite size of the particles (DW–H) can be evaluated from the 
interception with the y-axis of the line. The values of the 
mean crystallites size and the stress (micro-deformations) 
are 69.3 nm and 0.00155, respectively. The network param-
eters (a, c) and the unit cell volume (V) for the sample were 
determined using the following equations: [21]

The calculated lattice parameters values are 
a = 3.2493 Å, c = 5.2049 Å, and the volume of the unit 
cell is V = 47.589 Å3. Figure 3 shows FE-SEM images and 

� cos � =
K�

DW−H

+ 4� sin �

a =
�

√

3 sin �(100)

c =
�

sin �(002)

V =

√

3

2
a2 ⋅ c

the frequency (inset) as a function, estimated by image 
J, of the grain size for the ZnO sample. Figure 3a shows 
the agglomerates, with an average size of 3.28 μm. These 
agglomerates are composed by a uniform distribution of 
spherical grains with an average size equal to 76.86 nm 
(Fig. 3b). When assuming that all the particles are spheri-
cal, the specific surface (S) has been calculated from the 
relation: [20]

where the constant “6000” is called the form factor for 
spherical particles, “ρX-ray” is the X-ray density, and D is 
the diameter of the particle. “NA” the Avogadro’s number, 
“M” is the molecular weight of the compound, “V” is the 
volume, and the number “2” represents the number of mol-
ecules in the unit cell of hexagonal wurtzite lattice. The 
high value, 24  m2/g, of the specific surface area of ZnO 
nanoparticles is needed for sensing application [24, 25].

(5)S =
6000

D ⋅ �X - ray

where �X - ray =
2 ⋅M

NA ⋅ V

Fig. 2  Rietveld refinement of the X-ray diffraction pattern and Wil-
liamson–Hall plot for ZnO prepared by auto-combustion method

Fig. 3  SEM images of ZnO with (a) 20 µm and (b) 3 µm scales
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The Raman spectra of ZnO nanopowders is illustrated in 
Fig. 4. The number of active modes, as indicated in Table 1, 
indicates different modes of atomic displacement. The 
modes are divided into two models, depending on the polar 
branches, into a longitudinal optical (LO) and transverse 
optical (TO) components with different frequencies due to 
the macroscopic electric fields associated with phonons. 
However, the basic phonon modes of hexagonal ZnO were 
obtained at 102, 387, 439 and 583  cm−1, which represents 
the  E2L,  A1-TO,  E2H and  E1-LO, respectively. The second-
order phonon mode has occurred at about 150  cm−1 which 
is attributed to  2E2L. The multi-phonon diffusion modes 
are presented at 331, 508, 664 and 1065  cm−1 which are 
assigned to  3E2H −  E2L,  E1 (TO) +  E2L, 2  (E2H −  E2L) and  A1 
(TO) +  E1 (TO) +  E2L, respectively. Models  A1,  E1 and  E2 are 
active first-order Raman modes. The spectrum is somewhat 
complicated by the presence of some well-resolved multi-
phonon features, in particular, one at around 200  cm−1 (from 
low  E2 mode) and one at around 333  cm−1 (due to the  E2

high 
combination  E2

low), of comparable intensity and similar in 
shape to the first-order peaks. The peak around 273  cm−1 is 
attributed to the presence of a defect in our structure which 
is probably caused by the breakdown of translational crys-
tal symmetry induced by a local electric field at the grain 
boundaries, with the consequent activation of otherwise 
silent modes.

FTIR spectra of ZnO powders, through KBr pellet 
method, presented in Fig.  5, exhibit several absorption 
bands. The 1533  cm−1 and 1373  cm−1 correspond to the 
symmetric and asymmetric C=O is stretching vibration, 
respectively [26]. The bond at 998  cm−1 is due to the C–O 
stretching vibration. The absorption at 879  cm−1 is due to the 
formation of tetrahedral coordination of Zn. The observed 
peak in 684   cm−1 indicates the stretching vibrations of 
ZnO nanoparticle [26]. The presence of carbon chemical 

notations in our structure is linked to its strong presence in 
the precursor and the fuel used in the elaboration section.

The XPS spectra were investigated to have more informa-
tion about the elemental constituents in the ZnO surface. 
The core levels of C 1 s, Zn LMM, O 1 s and Zn 2p are 
detected and showed in Fig. 5a–d, respectively. All XPS 
spectra have been deconvoluted using a Gaussian fit. The 
indexed peaks are tabulated in Table 2 with their area values 
and its corresponding components. In the C1s XPS spec-
tra (Fig. 6a), it can be discerned three distinct peaks. The 
peaks at 283.13 eV and 284.65 eV are attributed to carbon 
atoms linked to the "C=C" network or the strong distortion 
of the crystal lattice caused by the fixation of oxygen-con-
taining groups (C–C) [27]. The peak at 286.06 eV is related 
to hydroxyl and epoxide groups (C–OH and C–O–C) [28]. 
The total area of the spectrum C 1 s has a negligible value 
(835) compared to the other spectra Zn LMM (35,576), 
O 1 s (11,527) and Zn 2p3 (50,204) which indicates that 
there is a weak presence of the chemical elements linked to 
carbon and thereafter the high purity of our material. The 
observation of Auger lines Zn LMM, presented in Fig. 6b, 

Fig. 4  Raman spectra of ZnO

Table 1  Raman modes of wurtzite ZnO crystal

The range of frequency variability is basedon literature data [22, 23]

Wavenumber  (cm−1) Symmetry

 ~ 102 E2
low

 ~ 155/ ~ 204 2E2L

 ~ 273 Defects
 ~ 333 3E2H-

E2L|Multi-
phonon

 ~ 387 A1-TO
 ~ 439 E2

high

 ~ 583 E1-LO

Fig. 5  FTIR spectrum of ZnO
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indicates the existence of interstitial Zn  (Zni) defects. The 
two fitted Gaussian peaks are attributed to the presence of 
Zn in the O–Zn bond and to the interstitial  Zni, these are 
located basically at the upper bond energy 495.90 eV and 
at the bond energy less 492.46 eV, respectively. The O1s 
signal showed in Fig. 6c has deconvoluted into three sub-
components located at 528.33,529.87 and 531.16 eV. The 
high band energy peak (531.16 eV) is associated with the 
oxygen vacancies, and the 529.87 eV peak is assigned to 

the oxygen network in the hexagonal structure of ZnO [29, 
30]. The last peak with lower binding energy (528.3 eV) is 
attributed to oxygen in =CO groups [31]. The spectrum Zn 
2p3, in Fig. 6d, presents a peak located at 1021.1 eV which 
it corresponds to 2p 3/2. This can confirm the existence of 
 Zn2+ ions in our composites. We can conclude from basic 
levels of Zn and O that there is a high presence of double 
donor defects (oxygen vacancies and Zn interstitials) in our 
sample, which improves gas detection performance [32, 33].

3.2  UV–Vis‑NIR characterization

Gas detection properties are related to the range of UV–Vis-
ible light response and will be greatly improved as the range 
of light absorption is extended. It is important to see the 
absorbance rate in the different wavelengths since the large 
absorbance causes more generation of the electrons which 
subsequently participated in the gas detection mechanism. 
Thereafter, it is necessary to carry out a UV–Vis characteri-
zation to evaluate the optical properties [34]. The  NO2 gas 
detection tests were carried out under light illumination (UV, 
Purple, Blue and green lights); The UV–Vis-NIR absorption 
and reflectance spectra in the 200–1800 nm range of ZnO 
have investigated, and the results were presented in Fig. 7a. 
The absorbance is higher in the UV range (200–400 nm) 

Table 2  Peaks positions, area values and corresponding component 
of the deconvoluted XPS spectra of ZnO sample

Binding energy 
(e.V)

Area Component

C 1 s 286.06 43 C–O
284.65 668 C=C/C–C
283.13 124 Defects

Zn LMM 495.90 33,778 Lattice Zn
492.46 1798 Interstitial Zn

O 1 s 531.31 2385 Oxygen vacancies (Vo)
529.88 7346 Zn–O
528.35 1796 =CO

Zn 2p3 1021.05 50,204 Zn 2p 3/2

Fig. 6  XPS spectra C 1 s, Zn LMM, O 1 s and Zn 2p3 of the ZnO sample
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and for wavelengths greater than 400 nm, it is observed a 
remarkable decrease in absorbance in the visible and near-
infrared ranges. This result is confirmed by the reflectance 
spectrum which has a value of less than 5% in the UV range 
such that the absorbance in this region is the highest. On the 
other hand, the reflectance has more than 80% in the visible-
NIR range, which confirms that the light diffusion power is 
important in this range. We have investigated the variation of 
(�h�)2 as a function of the energy of the photons, presented 
in Fig. 7b, which was according to Tauc's model [35]:

in which α, h and υ are absorption coefficient, Planck con-
stant and photon frequency, respectively. A is a constant and 
n = 1/2 for the material with a direct bandgap. The estimated 
value of gap energy from Tauc’s model was 3.17 eV. Also, 
the bandgap value can be estimated using the first derivative 
of the reflectance (dR/dλ), illustrated in Fig. 7b. The bandgap 
value corresponds to the wavelength λ = 391 nm. Thus, it 
can be concluded that photonic energy with a wavelength 

(6)�h� = A
(

h� − Eg

)n

less than 391 nm allows the emission of electrons from the 
valence band to the conduction band. The estimated gap 
energy value from this method is very close to that defined 
by Tauc's model. This will allow the generation of elec-
trons which will be part of the target gas detection mecha-
nism. To have the effect of the wavelength in the detection 
mechanism, we chose the lights which have a wavelength 
close to 391 nm. We carried out the gas tests under UV (λ ≈ 
380 nm), purple (λ≈ 400 nm), blue (λ≈ 480 nm) and green 
(λ≈ 530 nm) lights.

3.3  Electrical investigation

The ac conductivity, σac, of the ZnO spectrum considered is 
given in Fig. 8. The conductivity depends on the frequency 
and temperature, increasing with the rise of both param-
eters. This behavior, associated with the conductivity values 
registered, indicates that our sample is a semiconductor, as 
expected. With the increase of the temperature, the ac con-
ductivity becomes frequency independent exhibiting a pla-
teau. This plateau which extends to lower frequencies with 
the temperature increase is the dc-conductivity, σdc, origi-
nated by the charge carriers translational motion, described 
by the empirical Jonscher law [36]:

Where A is a constant, ω is the angular frequency, and S is 
the power-law exponent being between 0 and 1. The tem-
perature dependence of the exponent S is shown in Fig. 9a. 
As we can notice that this parameter was decreasing with an 
increase of temperature and attains a minimum value than 
further increases which can be suggested that the conduction 
be mediated by overlapping large polaron tunneling (OLPT) 
process [37]. The thermal variation of σac at 100 Hz is shown 
in Fig. 9b. It adapts well to the small polaron hopping pat-
tern (SPH), which is expressed by the equation [38]:

Where Ea is the activation energy of the moving charge car-
riers and kB the Boltzmann constant. The estimated activa-
tion energy value in the range 200–400 K, indicates two 
different values. This value increases in the high-temperature 
range. It is assumed that at low temperature the electrical 
activation energy refers to the Zn jump between interstitial 
sites, while processes with higher activation energy are due 
to the site oxygen vacancy jump normal to an equivalent 
vacancy [39]

The real part of the impedance, Z′, versus the fre-
quency at several temperatures is shown in Fig. 10a. The 
low-frequency plateau shifts as the temperature increases, 
while the high-frequency plateau is almost independent of 

(7)�ac = �dc + A�s

(8)� ⋅ T = A ⋅ exp

(

−
Ea

kBT

)

Fig. 7  (a) Absorbance, reflectance spectra of ZnO. (b) Tauc plot and 
dR/dλ vs. wavelength of ZnO sample prepared by auto-combustion 
method
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temperature. The high value of Z′ at low-frequency means 
that most of the charge carriers did not receive enough 
energy to jump the grain boundaries. The continuous tem-
perature rise energizes some of them, which become able 
to cross the grain boundaries. This explains why Z′ grad-
ually decreases with temperature. Thus, the low value of 
Z′ at high-frequency indicates that the mobile carriers no 
longer experience grain boundary restriction. In conclu-
sion, charged particles accumulate around integrations at 
low frequencies, forming a space charge which degenerates 
with frequency [40]. The slow decrease of Z′ over the dis-
persive region is a signature of the polarization of the space 

charge according to Ranjan et al. [41]. The dependence of 
the imaginary part of the impedance, Z′′, with the frequency 
in the wide temperature range is shown in Fig. 10b, in which 
one peak is visible, corresponding to a dielectric relaxation 
phenomenon. The frequency corresponding to the Z′′ maxi-
mum, relaxation frequency, shifts to higher frequencies with 
the temperature rise. Moreover, with the increasing of the 
temperature the Z′′ maximum decreases, being this tendency 
typical of ZnO [42].

The Nyquist diagram of the zinc oxide is shown in 
Fig. 11a. The graph, at each temperature, is a semicircle, 
whose diameter continuously decreases with the increasing 
of temperature. In this representation, pure resistivity, R, can 
be extrapolated through the Z′ value, at lowest frequency. 
[43]. The complex impedance Z* can be expressed by:

which Z′ and Z′′ are, respectively, the real and imaginary 
parts. The resulting semicircle were centered below the 

(9)Z∗(�) = Z�(�) − jZ��(�)

Fig. 8  Conductivity spectrum over wide temperature range

Fig. 9  Temperature dependence of the  (a) power-law exponent, S, 
and (b) dc-conductivity, with the activation energy, by plotting σT vs. 
1000/T (inset plot)

Content courtesy of Springer Nature, terms of use apply. Rights reserved.



Study of ZnO room temperature  NO2 sensor under illumination prepared by auto-combustion  

1 3

Page 9 of 15   706 

Z' axis, suggesting non-Debye dielectric relaxation. This 
behavior of the Nyquist diagram can be attributed to the 
heterogeneity of the material [44]. According to the Koops 
model [45], the conductivity of a semiconductor is governed 
by high conductive grains, at high frequencies (left side), 
and grain boundaries, at low frequencies (right side). The 
electrical response of our ZnO powders can be modeled by 
an equivalent circuit formed by a two series combination of 
grains boundary (Rgb–CPEgb) and grains (Rg). The imped-
ance data, at room temperature, are fitted using Z-view soft-
ware [46]. Figure 11b indicates that the experimental data is 
well fitted which confirms the validity of the equivalent cir-
cuit obtained. The constant phase element impedance (CPE) 
is represented by the following equation [47]:

where Q, ω and α are, respectively, the proportional factor, 
the angular frequency and the parameter. a is an estimate 
of the deviation from the ideal capacitive behavior. when 
it is zero, we see a pure resistive behavior and when it is of 
value 1, we see a capacitive behavior. The obtained values 

(10)ZCPE =
1

Q(i�)�

from the grain´s resistance Rg, capacitance  CPEg, and αg, 
and from the grains boundary´s resistance Rgb, capacitance 
 CPEgb, and αgb, determined at room temperature are pre-
sented in Table 3.

3.4  NO2 sensing tests

The sensing test was investigated under light illumination, 
source of energy activation, at room temperature to activate 
the surface reactions. The electrical resistance of the sensors 
based on ZnO composite, illuminated by lights of various 
wavelengths ranging from 380 to 530 nm, was presented as a 
function of time during injections of 1 ppm of  NO2 (Fig. 12). 

Fig. 10  Frequency dependence of the complex of impedance (Z*): (a) 
the real part of impedance (Z′) and (b) the imaginary part (Z′')

Fig. 11  (a) Nyquist diagram at different temperatures. (b) Experi-
mental and theoretical impedance diagrams of ZnO nanoparticles at 
room temperature with equivalent circuit model (inset)

Content courtesy of Springer Nature, terms of use apply. Rights reserved.
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The illumination plays an important role in the performance 
of the sensor. The inset in Fig. 9a shows the slow and weak 
response of the sensor when in the dark. Some characteris-
tics are determined from this curve and tabulated in Table 4. 
The resistance Rair decreased when the light wavelength 
went from 530 to 380 nm. It was diminished from 2.22  107 Ω 
in the dark to 2.31  105 Ω when illuminated by UV light. The 
increase in photonic energy agrees with the decrease in the 
light wavelength according to the equation E = hc/λ [4, 7]. 
As a result, when the light wavelength is shortened causes 
more electron–hole pairs to be generated on the ZnO surface 
and photodesorption of the adsorbed oxygen, which results 
in a reduction of the electrical resistance.

Figure 13a–d presents the sensor response as a function 
of the time under different  NO2 concentrations (0.5, 0.75 and 
1 ppm) at room temperature illuminated by green, blue, pur-
ple and UV lights, respectively. The sensor presents, under 
different wavelengths, linear responses as a function of the 
 NO2 concentration, as shown in the insets of Fig. 13.

The ZnO sensor has high responses at 1 ppm  NO2 when 
UV and purple light has been used to be the maximum 
response when illuminated by purple light. However, the 
response and recovery times were relatively longer com-
pared to those with blue light. Subsequently, a compromise 
between sensitivity and response/recovery times of the sen-
sor must be made. To get a short response and recovery 
times, we could say that the blue light can be the best choice 
for the ZnO-based sensor.

3.5  Sensing mechanism

When the ZnO sensor was exposed to humid air under dark 
conditions, the active surface of ZnO material was covered 
with chemisorbed and physisorbed species. ZnO is a known 
n-type semiconductor due to its oxygen vacancies [6, 17]. 
Those free electrons can be trapped by oxidizing gases. 
In the presence of air and water vapor, the main species 
adsorbed on the surface are oxygen. Among the oxygen spe-
cies  (O2

−,  O−,  O2− and  OH−) adsorbed on the surface, the 
 O2

− is dominant at room temperature [48]. Again, the oxy-
gen adsorbed on the surface can trap the electrons from the 
conduction band (CB). Therefore, free electrons in the con-
duction band will be captured by oxygen molecules adsorbed 
on the zinc oxide surface to form oxygen species  (O2

−).

We have the formation of a depletion layer on the surface 
of ZnO grains, which increases the resistance of the film. 
Since the sensitive layer is made of small grains, the elec-
trons must jump across a potential barrier between the grains. 
As the overall resistivity of the layer is conditioned by the 

(11)O2 g ↔ O2 ads

(12)O2 ads + e− ↔ O−

2 ads

Table 3  Fitting parameters of 
the Nyquist diagram for ZnO at 
room temperature

Rg (Ohm) 103

CPEg (F) 10–6

αg 0.99
Rgb (Ohm) 4.7  106

CPEgb (F) 10–11

αgb 0.72

Fig. 12  (a) Room temperature sensor resistance versus time to 1 ppm 
 NO2 of ZnO under green, blue, purple and UV light illumination. (b) 
Mechanism of dioxygen reaction with ZnO surface under the illumi-
nation of different lights

Table 4  Room temperature 
sensor response and response/
recovery times of ZnO in 
1 ppm of  NO2 under different 
lights illumination and 50% of 
humidity

Wavelength Light color Rair(Ohm) Response 
 (RNO2 −  Rair)/Rair

Response time 
(min)

Recov-
ery time 
(min)

– Dark 2.22  107 3.2 10.1 Over 60
530 nm Green 9.03  106 54 5 8.3
480 nm Blue 1.43  106 53 1.5 1.9
400 nm Purple 1.07  106 90.7 4 6.7
380 nm UV 2.31  105 88.2 4.4 3.3
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contact resistance between the grains. The conductance can 
be expressed by:

Equation (13) presents the role of the potential barrier 
which is linked to the quantity of molecule adsorbed per unit 
area. When the partial pressure of oxygen or the temperature 
decreases  O2

− can decompose into  O2 and  e− released to the 
semiconductor. The effects of light on the detection proper-
ties of the metal oxide sensor have been studied by several 
researchers [49, 50]. To explain the results, consider the pho-
todesorption of the oxygen adsorbed such that photo-generated 
electron–hole pair can release the  O2

− ion and create photo-
generated oxygen ions, according to the following equations 
 O2

− (hv) [50].

(13)G = G0 exp

(

−
e ⋅ Vs

kB ⋅ T

)

(14)h� → e− + h+

(15)h+ + O−

2
→ O2

According to this model, it is observed emission of elec-
trons from the valence to the conduction band. The energy 
required for band-to-band excitation depends on the bandgap 
energy of ZnO which is calculated from the Tauc model 
and equal to 3.17 eV. Photonic energy was determined by 
the light wavelength (E = hc/λ). This means that the pho-
tonic energies of wavelength 380 nm (3.3 eV) and 400 nm 
(3.1 eV) were enough to band-to-band excitation of ZnO. 
The model looks perfect for the lighting of λ ≤ 400 nm but 
does not explain the behavior for longer wavelengths.

It was reported [51, 52] that the striking photon is directly 
absorbed by the oxygen species  O2

− from the surface, which 
causes the desorption of  O2

− and a release of the electron 
trapped in the material.

This reaction (photodesorption) requires less energy and 
may be possible for longer wavelengths. The energy required 
for the adsorption of an oxygen atom on a metal oxide is 

(16)O2 + e− → O−

2
(h�)

(17)O−

2
+ h� → O2 + e−

Fig. 13  Sensor response versus time of ZnO under (a) green (b) blue, (c) purple and (d) UV light illumination at room temperature
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approximately 1.5 eV [53]. Such a reaction is possible because 
the photons of the light sources used are sufficiently energetic, 
even for green light 530 nm (2.3 eV). Subsequently, we can 
say that the reactions (15) and (16) are reversible, which means 
that the adsorption of  O2 under bright lighting could reach a 
new equilibrium.

Langmuir's adsorption model is the first approach to model 
the response and recovery times. If A is the surface concentra-
tion in adsorption sites, the surface coverage can be defined as 
the fraction of sites occupied by the adsorbate.

Which

where Kads and Kdes are the adsorption and the desorption 
coefficients, respectively. PA is the partial gas pressure which, 
in this case, is a constant. kB and T are Boltzmann constant and 
the temperature; Eads and Edes are the adsorption and desorp-
tion activation energies, respectively; K0

ads and K0
des are des-

orption and adsorption constants, respectively. At equilibrium, 
we can express the surface fraction occupied by the gas θ by 
the following equation

In which K is the adsorption constant and expressed by:

Adsorption and desorption times (related to, respectively, 
the response and recovery times) are expressed by:

(18)� =
[X ∗]

A

(19)
d�

dt
= rads − rdes

(20)rads = Kads ⋅ (1 − �) ⋅ p

(21)rdes = Kdes ⋅ �

(22)Kads = K0
ads
exp

(

−Eads

kBT

)

(23)Kdes = K0
des
exp

(

−Edes

kBT

)

(24)� =
KPA

KPA + 1

(25)

K =
Kads

Kdes

=
K0
ads

K0
des

exp

(

Qads

kBT

)

, which Qads = Edes − Eads

(26)�ads =
1

KadsPA + Kdes

According to this model, the sensitivity and response/
recovery times strongly depend on the temperature. ZnO 
has a strong affinity for oxygen or  NO2 and therefore, the 
adsorption energy and desorption energy is big. Therefore, at 
room temperature, the kinetic constants in Eqs. 24 and 25 are 
smaller, resulting in long response and recovery times. The 
sensitive material must be heated (typically around 250 °C) 
to increase the kinetics.

The adsorption or desorption can be accelerated using an 
external energy source such as light.

The above coefficients (θ, K, τads and τdes) can be modi-
fied with the addition of a term because of the light which 
the two coefficients Kads and Kdes will be expressed by [32].

which KI
ads and KI

des are the factors related to photonic 
energy, associated with the photon energy and intensity 
of light. These additional terms make it possible to obtain 
faster kinetics thanks to the light effect. The role of photonic 
energy on the time of detection mechanism is like heating, 
which improves the Kads and Kdes of  O2

− and improves the 
response and recovery times. The lights make it possible to 
increase the kinetics of adsorption and desorption and con-
sequently to reduce the response/recovery times.

The light effect on the detection mechanism can be 
ascribed to the change in electrical resistance. When the 
sensor is exposed to humid air under dark, oxygen species 
adsorbed on the surface will capture the free electrons of the 
conduction band which will create a depletion layer. Sec-
ondly, the sensor is exposed to air containing a ppm-level of 
 NO2 concentrations. The  NO2 molecules will be absorbed 
by the surface and capture the electrons from the surface of 
ZnO to form  NO2

− species, which causes an increase in the 
height of the potential barrier and subsequently leads to an 
increase in the electrical resistance value of the material. 
Also,  NO2 competition takes place on the surface of the sem-
iconductor with the oxygen already adsorbed, which means 
that more electrons will be captured in the conduction band 
(CB) to form  NO2

− species and then we obtain an increase in 
the resistance of the sensor. The interaction of  NO2 with the 
oxygen species adsorbed on the surface of ZnO is a power-
ful chemisorption process that can capture more electrons 
from the conduction band. It has been suggested that upon 
exposure to  NO2, the bound electrons of  O2

− adsorbed on the 
surface of ZnO is transferred to physiosorbed  NO2.

(27)�des =
1

Kdes

(28)Kads = K0
ads

exp

(

−Eads

kBT

)

+ KI
ads
(�, I)

(29)Kdes = K0
des

exp

(

−Edes

kBT

)

+ KI
des
(�, I)
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When physiosorbed  NO2 accepts the electron from  O2
−, 

a stable state of chemisorbed  NO2
− is created. It is well 

known that  NO2
− forms deeper surface acceptor levels than 

the oxygen ion  O2
− and increases the thickness of the deple-

tion layer [54]. Under conditions of darkness at room tem-
perature,  O2

− is stable, and the  NO2 molecules do not easily 
extract the electrons from  O2

− to form  NO2
−. Thereafter, the 

reaction (30) is slow, and the response time becomes long. 
When  NO2 is removed, the electron is transferred from

Equation (32) is the inverse of Eq. (30). This reaction is 
not easy to carry out, because the desorption of  NO2

− is very 
slow at room temperature. So, the recovery time is also very 
long in the dark which is confirmed in Table 4. In another 
way, the molecules of  NO2 can react with the oxygen ions 
adsorbed on the surface according to the following reac-
tions, and thereby the resistance of the detection material 
increase [55, 56]:

Under lighting, the light-illuminated ZnO sensors show a 
short response and recovery times which should reflect the 
reaction speed between  O2

− and  NO2. When  NO2 becomes 
on the surface of ZnO under light illumination, the adsorp-
tion rate of  NO2 on the surface of ZnO is improved by light. 
If we consider that the reaction between  O2

− and  NO2 as a 

(30)NO2 ads + O−

2 ads
→ NO−

2 ads
+ O2

(31)NO2 ads + e− → NO−

2 ads

(32)NO−

2
+ O2 → NO2 + O−

2

(33)NO−

2
→ NO2 ads + e−

(34)NO2 ads → NO2 gas

(35)NO2 gas + e−(h�) → NO−

2 ads

(36)NO2 gas + O−

2 ads
+ 2e− → NO−

2 ads
+ 2O−

ads

process of adsorption of  NO2 on the  O2
− site, the response 

time can be considered as the adsorption time of  O2
−.

We can see in Table 4 that the response of the sensor is 
increased when the light wavelength is shortened.

Lights at 380 and 400 nm can cause additional reactions 
with  NO2. The conversion of the  NO2 molecule to  O3 and 
NO under a light wavelength less than around 480 nm has 
been confirmed by the measurement of photolysis-chemilu-
minescence [57] via:

The O atom formed by Eq. (37), with the presence of air, 
reacted with  O2 to form ozone molecular  (O3) which can 
react with NO to re-create  NO2.

This may explain why the sensitivity goes through a max-
imum for purple light and why the response time increases 
again for shorter wavelengths.

It was investigated the comparison between our sample 
and other ZnO-based  NO2 sensors studied in the literature. 
Table 5 presents our  NO2 gas sensor-based ZnO, at room 
temperature, compared to the other ZnO sensor prepared by 
other methods. This sensor shows a high response to  NO2 
gas at sub-ppm level. Furthermore, it has an acceptable 
response/recovery times compared to other sensors.

4  Conclusion

In this study, it was prepared ZnO using the auto-combustion 
method. The measurement by X-ray diffraction indicated 
that our structure is hexagonal wurtzite with space group 
P63mc. The average size of the crystallites was calculated 
by Williams–Hall method which it exhibits the value of 
69.3 nm. The surface morphology, by scanning electron 

(37)NO2 + h� → NO + O

(38)O + O2 → O3

(39)NO + O3 → NO2 + O2

Table 5  Performance of ZnO as room temperature (RT)  NO2 sensor in comparison with ZnO literature results

Materials Fabrication method Light illumination NO2 (ppm) Response Response/recovery 
times (min)

Reference

ZnO Thin film Dark 20 119 1.42/1.76 [58]
ZnO Drop-cast UV 5 1.1 1.5/5 [59]
ZnO H2O2 treatment & annealing White 0.9 5.3 1.8/2.7 [60]
ZnO Facile solution & annealing UV 5 2.5 0.5/1.5 [61]
rGO-ZnO Hydrothermal White 0.1 4.66 1.5/2.5 [32]
ZnO Soft e-beamlithography UV 20 2.2 15/5 [62]
ZnO Sputtering UV 0.5 8 –/– [63]
ZnO Auto-combustion Purple 1 90.7 4/6.7 This work

Content courtesy of Springer Nature, terms of use apply. Rights reserved.



 M. Benamara et al.

1 3

  706  Page 14 of 15

microscope, showed the presence of hexagonal agglomer-
ates made up of nanometric particles which have an average 
size of 76.86 nm. The absorption and reflectance spectra 
in the UV–Vis-NIR range indicate a higher absorption in 
the UV range of ZnO powder, and the bandgap energy was 
calculated by Tauc model which was equal to 3.170 eV. 
FTIR investigation indicates the presence of chemical nota-
tions in our structure which is confirmed by the XPS (C 1 s) 
spectrum. The electrical conductivity can be described by 
Jonscher's law. We have investigated the gas sensing per-
formances at room temperature under illumination with 
different light wavelengths to 0.5, 0.75 and 1 ppm  NO2 
concentrations. It indicated that the sensor exhibits a high 
response and acceptable response/recovery times compared 
to the results obtained in the literature of ZnO elaborated by 
other methods. The best response was observed of the ZnO 
sensor under light with low wavelength 400 nm (purple) and 
380 nm (UV). The obtained results seem promising for the 
development of a low-cost ambient temperature  NO2 gas 
sensors with this material.
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