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A B S T R A C T

Chemiresistors are highly important for monitoring and detection of harmful gases produced from industrial
processes and vehicle emissions. We report herein an experimental investigation of the gas-sensing properties of
Zn0.95Co0.05O thin film deposited by spray pyrolysis technique. The X-ray photoelectron spectroscopy indicated
the presence of Co2+ ions into de ZnO lattice. The gas-sensing measurements revealed the sensitivity of
Zn0.95Co0.05O film towards ozone gas in a wide range of concentrations from 20 to 1040 ppb, exhibiting good
repeatability and total reversibility after consecutive exposures. Selectivity for ozone is observed in comparison
to NO2, NH3, and CO gases even at low levels. This manuscript reports the effectiveness of spray-pyrolysis
method for obtaining nanostructured Zn1-xCoxO thin films for practical applications as an ozone gas sensor.

1. Introduction

The monitoring and environmental control of pollutants in the at-
mosphere has increased in the last two decades due to their harmful
effects on human health and global warming [1–3]. Motor vehicles and
industrial processes emissions are some of those responsible for the
presence of primary and secondary pollutants in the lower atmosphere,
such as O3, CO, NOx, NH3, SO2, etc. [4,5]. According to the values re-
gistered in the “2016 Annual Report” by CETESB - the Environmental
Company of São Paulo State (Brazil), the ozone (O3) levels were ap-
proximately 165 ppb (parts-per-billion) in São Paulo metropolitan re-
gion, above the value 100 ppb (8 h-mean daily of exposition) re-
commended by WHO (World Health Organization) [6]. Thereby the
detection and the monitoring of O3 gas, as well as other pollutants,
require sensing materials exhibiting high sensitivity and stability, fast
response and shorter recovery times [7].

The semiconducting metal oxides (SMO) have been considered a
promising material class for gas sensors, presenting a high sensitivity
towards several analytes (reducing and oxidizing), good stability, and
also a low-cost of production facilitating thus the integration in sensor
devices [8,9]. Traditionally, the SMO used as ozone gas-sensing are
based on SnO2 [10], In2O3 [11], ZnO [12,13] and WO3 [14]. Particu-
larly, ZnO is a II-VI semiconductor with a wide bandgap (3.37 eV at

room temperature), commonly used in various applications as light
emitting diodes (LED) [15], surface acoustic wave (SAW) devices [16]
and transparent conductive oxides (TCO) [17] due to its electronic,
optical and piezoelectric properties, as well as its low cost, abundance
and non-toxicity. It has been satisfactorily applied as sensing material
for detection of H2 [18], NOx [19], H2S [20] and ethanol [21], emer-
ging then as a promising material for sensor devices despite its low
selectivity [22].

In the past decade, several approaches have been investigated in
order to improve the gas sensing performance, mainly, by means of the
enhancement of the surface-to-volume ratio with 1D nanostructures
[12], noble metal addition (e.g., Au, Pt, Pd) [23], and doping with
transition metals [24–26]. The doping process has been an effective
approach to tune the electronic, microstructure, optical and magnetic
properties of the material host, also improving its sensing performance
[1,27–29]. In addition, the Zn1-xCoxO solid solutions have been ex-
tensively studied in bandgap engineering [30] and also as diluted
magnetic semiconductor (DMS) [31–33]. Recently, their application as
sensing materials has shown an increase on sensor response and se-
lectivity for gases such as NH3 [34] liquefied petroleum gas (LPG) [35],
H2 [25] and ethanol [36] for concentrations above 100 ppm (parts-per-
million). The Cobalt-doping introduces energy levels of impurities and
defects, such as oxygen vacancies, that create active adsorption sites,
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which could contribute to the enhancement of sensing processes and
properties [25]. Among the chemical/physical techniques to obtain
oxides-based thin films for industrial purposes, the spray-pyrolysis
presents advantages as versatility, low-cost route and large area pro-
duction for the development of such devices [37].

This manuscript addresses the ozone gas-sensing performance of the
nominal Zn0.95Co0.05O thin films deposited via spray-pyrolysis tech-
nique for application as ozone gas sensors. The microstructural and

surface properties were investigated by glancing incidence X-ray dif-
fraction (GI-XRD), atomic force microscopy (AFM), field emission
scanning electron microscopy (FE-SEM), X-ray photoelectron spectro-
scopy (XPS) measurements. DC electrical measurements indicated a
good sensitive for different O3 levels (20 to 1040 ppb). The film ob-
tained by this route presented a good reproducibility, long-term stabi-
lity, and high selectivity towards O3 gas. These findings demonstrate its
potential for practical applications in environmental monitoring.

2. Experimental section

2.1. Thin film deposition

The nominal Zn0.95Co0.05O thin film was deposited via spray pyr-
olysis technique on SiO2/Si substrate containing Pt interdigitated
electrodes (120 nm thick). The precursor solution (0.004M) was pre-
pared by proportional mixing of aqueous solutions (distilled water)
containing zinc acetate dihydrate (Zn(CH3OO)2·2H2O, Synth) and co-
balt acetate tetrahydrate (Co(CH3OO)2·4H2O, Synth). The deposition
process was performed in a temperature range between 220 and 300 °C
with a solution flow rate of 0.25mlmin−1 and using compressed air as
the gas carrier (0.1 MPa). Further details regarding the thin film pre-
paration may be found in reference [28].

2.2. Characterization techniques

The phase composition of Zn0.95Co0.05O thin film was examined by
glancing incidence X-ray diffraction (GI-XRD) using a Rigaku Rotaflex
diffractometer RU-200B model with a Cu-Kα radiation source
(λ=1.5406 Å). Surface morphology analysis was carried out by Zeiss

Fig. 1. The GI-XRD pattern of as-prepared Zn0.95Co0.05O thin film shows the
wurtzite structure without secondary phases.

Fig. 2. Images of Zn0.95Co0.05O thin film. (a) SEM cross-sectional and (b) surface views of the sample. (c) AFM in the 2D and 3D views.
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SUPRA35 Scanning Electron Microscope operated at 5 kV and an
atomic force microscope (Park Systems, model NX-10) in tapping mode.
X-ray photoelectron spectroscopy (XPS) measurements were performed
on a Thermo Scientific K-Alpha spectrometer using monochromatic Al-
Kα (1486.6 eV) radiation. The peak decomposition was carried out
using a 70% Gaussian and 30% Lorentzian line shape with a Shirley
nonlinear sigmoid-type baseline. The binding energies were corrected
for charging effects by assigning a value of 284.8 eV to the adventitious
C 1s line. The XPS data were analyzed using CasaXPS software (Casa
Software Ltd., U.K.).

2.3. Gas-sensing measurements

The as-prepared nominal Zn0.95Co0.05O thin film was inserted into a
chamber which allows both controls of the temperature (up to 350 °C)
and different ozone concentrations, i.e., from 20 to 1040 ppb. Further
details regarding the gas-sensing workbench may be found in reference
[38]. Before each measurement, the sample was exposed to synthetic
dry air (500 SCCM) during approximately 60min to remove the im-
purities in the gas-sensing system. The O3-containing dry air (constant
flux of 500 SCCM) was blown directly onto the sample surface. To in-
vestigate the selectivity parameter, oxidizing and reducing gases were
employed in a various concentration range. Before the experiments, the
gas levels were calibrated using a toxic gas detector (ATI, model F12).
For each cycle, the sample was exposed during 60 s towards to the
target gas. The electrical resistance was measured by an electrometer
(Keithley, model 6514) applying a dc voltage of 1 V. The sensor

response (S) was defined as the relative electrical resistance variation,
S=(RO3−Rair) / Rair = ΔR / R, where RO3 and Rair are the sensor
electrical resistance upon exposure to O3 gas and dry air. The sensor
response time was defined as the time required electrical resistance to
reach 90% of the final value when exposed to the target gas. The re-
covery time was defined as the time required electrical resistance to
recover 90% of the initial value after the gas flow is switched off.

3. Results and discussions

The GI-XRD pattern of Zn0.95Co0.05O thin film is shown in Fig. 1.
The reflections presented in the XRD pattern were indexed as a hex-
agonal wurtzite structure of ZnO phase with a P63mc space group
(JCPDS file 36-1451). Furthermore, we did not observe any peak re-
lated to spurious phases, within the detection limit of equipment.

Fig. 2(a) showed a homogeneous film exhibiting a thickness of ap-
proximately 110 nm and good adhesion to the substrate. In addition,
the Fig. 2(b) e 2(c) reveals that the sample presents a texturized surface
with a root-mean-square roughness (Rrms) value of approximately
35 nm. The surface texturization is attributed to grains formation with
an average size of 120 nm.

The XPS technique was performed to analyze the electronic struc-
ture at the surface of Zn0.95Co0.05O film. Fig. 3(a) displays the XPS
survey spectrum of the as-prepared Zn0.95Co0.05O film, which revealed
the existence of only Zn, Co, O, and C. It should be mentioned the
difficulty to detect the Co 2p peak due to low Co content in the sample.
The atomic concentration of Zn, Co and O were determined from the

Fig. 3. XPS spectra of as-prepared Zn0.95Co0.05O sample. (a) Survey scan, (b) Zn 2p, (c) Co 2p, and (d) O 1s.
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survey spectrum as 25.0, 0.8% and 74.2%, respectively. To estimate the
Zn/O ratio, only the oxygen species-related from ZneO bonds are
considered from the analysis of the O 1s high-resolution spectrum.
From O 1s high-resolution spectrum, only 21.8% corresponds to oxygen

species related to ZnO phase, whereas 78.2% corresponds to adsorbed
molecular oxygen from the atmosphere on the oxide thin film. If we
consider only the oxygen species related to ZnO phase (530.1 eV), the
Zn/O ratio is equal to 1.15, close to the value of 1 that should be ob-
tained. This difference could be due to the OeCo contribution at
530.1 eV for O 1s peak that was not considered in the calculation.

In the high-resolution Zn 2p XPS spectrum shown in Fig. 3(b), the
Zn 2p3/2 and Zn 2p1/2 peaks are located at 1022.3 eV and 1045.4 eV,
respectively, which confirms the presence of only Zn2+ ions [39]. The
high-resolution Co 2p XPS spectrum reveals the Co element existence in
the sample, as seen in Fig. 3(c). The spectrum exhibits two major peaks
with binding energy values of 781.1 eV and 796.9 eV, corresponding to
Co 2p3/2 and Co 2p1/2 doublet core level peaks. These binding energy
values are comparable to that reported for CoO indicating the presence
of Co2+ species [39,40]. Additionally, the formation of divalent Co ions
is supported by the presence of shakeup satellite located at a binding
energy value of 785.7 eV and 802.1 eV [39].

Fig. 3(d) shows the O 1s spectrum of the Zn0.95Co0.05O sample,
deconvoluted into two components, labeled as O 1s(1) (530.1 eV) and O
1s(2) (531.2 eV). The O 1s(1) peak corresponds to the oxygen species
(O2−) located in lattice bound to the metal cations (Zn2+ or substitu-
tional Co2+), while the O 1s(2) peak reveals the presence of hydroxyl
groups adsorbed on the sample surface. It should note here that the
peak at approximately 531.2 eV was also attributed to the existence of
oxygen vacancies or defects at the sample surface or oxygen deficient
regions within the ZnO lattice.

Electrical measurements were used to investigate the gas-sensing
properties of Zn0.95Co0.05O thin film. It is known that the operating
temperature is an important parameter to be quantified as long as it
governs the adsorption/desorption processes of specimens in the sur-
face and the electrical conductivity [8].

In this way, to determine the optimal working temperature, the film
was exposed to 260 ppb of O3 at different temperatures. The reversible
cycles of exposure presented in Fig. S1 (Support information) show that
the sample electrical resistance increases after O3 exposition, typical
behavior for n-type semiconductors in oxidant atmospheres [41]. For
an exposition to 260 ppb, the sensor response O3 as a function of the
working temperature is presented in Fig. 4(a). It should be noted that
the highest response of film is found at approximately 250 °C. This
temperature is within the range reported to sensing materials com-
monly used as conductometric heated ozone sensors (200–400 °C).
Some of these ozone sensor materials can also be operated at room
temperature (RT) with UV radiation. Overall, conductometric ozone
sensors operate in temperatures from RT to 400 °C and detect gas
concentration levels of few to thousand ppb [42]. A summary of several
materials used in ozone sensing fabricated by many chemical/physical

Fig. 4. (a) Gas sensor response (b) Response time (c) Recovery time (the inset
shows a zoom at low recovery times) of Zn0.95Co0.05O thin film exposed to
260 ppb O3 as a function of the working temperature.

Table 1
Summary of results for ozone gas sensors based on several metal oxide semiconductors prepared by different methodologies.

Material Preparation method Operating temperature
(°C)

Sensor
response

Response/Recovery
time (s)

Minimum O3 level
detected (ppb)

Gases tested Reference

SnO2 Spray pyrolysis 200 103 d n/a 1000 O3 [10]
SnO2 Successive Ionic Layer

Deposition (SILD)
200 ~105 d 4/100 1000 O3 [43]

SnO2 (triton) Spin coating RT 3 d 15/720 500 O3 [44]
SnO2:2%Co Spray pyrolysis 270 104 d n/a 1000 O3, H2, LPG, CO [45]
WO3 RF-magnetron sputtering 250 16 a 1/<60 30 O3 [46]
ZnCo2O4 Co-precipitation 200 0.23 b 8/10 80 O3, NO2, CO,NH3 [47]
SrTi0.85Fe0.15O3 Electron beam deposition 260 ~3 c 26/72 100 O3, NO2, CO,NH3 [38]
In2O3 Spray pyrolysis 250 103 d ~10/180 1000 O3 [11]
In2O3 Sol-gel 100 20 e n/a 200 O3, NO2 [48]
In2O3 MOCVD RT (UV) ~4 d n/a 10 O3 [49]
ZnO-SnO2 Hydrothermal RT (UV) 8 d n/a 20 O3, NO2, CO, NH3 [50]
Pt/TiO2- SnO2 Dip coating RT (UV) ~250 d 1000/ 500 O3 [51]
ZnO Hydrothermal 250 ~3 d ~9/300 60 O3 [12]
ZnO Chemical vapor deposition 200 ~102 e n/a 280 O3, NO2, Acetone,

Ethanol
[13]

(continued on next page)
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techniques is displayed in Table 1, which contains functional para-
meters like response/recovery times, minimum ozone levels and spe-
cimens selectivity.

Fig. 4(b)–(c) depict the response and recovery times of
Zn0.95Co0.05O film exposed to 260 ppb of O3. These data reflect the
influence of adsorption/desorption mechanisms of O3 on the sample
surface. The resistance increase in O3 content atmosphere can be linked
to the capture of free electrons by the oxygen specimens adsorbed at the
film surface [10]. At a first approximation, the response time decreases
linearly with temperature (− 0.12 °C−1) and the optimum operating
temperature at 250 °C corresponds to around 40 s. The desorption of
ionized specimens is less efficient and the recovery time increases sig-
nificantly and exhibiting an exponential behavior with a recovery time
of around 100 s at 250 °C.

The ozone sensing response of Zn0.95Co0.05O film is displayed in
Fig. 5(a) for different concentrations of O3 (20 to 1040 ppb) at an op-
erating temperature of 250 °C. The material showed a noticeable re-
sponse to ozone as well as good reproducibility considering 3 exposition
cycles. Considering the harmful limit for human health, considerable
progress on the evaluation of chemiresistor based on Zn1-xCoxO com-
pound is achieved considering the increase from 50 to 100% for the
electrical resistance when the O3 level is 20 ppb and 89 ppb respec-
tively. In addition, response and recovery times are in the order of
1min. Fig. 5(b) shows the dependence of sensor response and ozone
level detected by as-prepared Zn0.95Co0.05O thin film. It can be seen that
the predicted lower detection limit in a linear approximation is around
7 ppb of O3 gas.

The selectivity is an essential parameter for the sensing element that
specifies the ability of the sensor to discriminate the response of the
different analytes. The response of as-prepared Zn0.95Co0.05O film was
then studied to different target gases (NO2, NH3, and CO). The sample
was kept at 250 °C and then exposed to different concentrations of NO2

(200 to 2000 ppb), NH3 (5 to 500 ppm), and CO (5 to 500 ppm) gases.
As depicted in Fig. 6(a)–(b), the sensor showed a response to NO2 with
good repeatability. It is important to note that after several exposure
cycles to NO2 gas the Zn0.95Co0.05O film detected lowest gas con-
centration, demonstrating its total reversibility. Additionally, it was
observed that the sensing material did not reach saturation towards
both O3 and NO2 gases, even at the highest concentration obtained in
our workbench. However, the response for NO2 is quite lower as
compared to O3 gas. To reach a response of approximately 1, it would
be necessary 200 ppb of NO2 and an increase to 2000 ppb shows a re-
sponse of approximately 4, effectively smaller as compared to the re-
sponse around 60 observed when O3 level is around 800 ppb.

Regarding the reducing gases, any sensitivity to different gas levels
of CO is observed, while for NH3 gas (Fig. 6(b)), it can be seen a low
sensitivity and similar response independently of NH3 levels. This be-
havior suggests that the sample reached the saturation level even for
the lowest NH3 level.

Fig. 7 presents the comparison of the sensor response (S) values of
the Zn0.95Co0.05O thin film at an operating temperature of 250 °C

exposed to the different gases, i.e., 0.8 ppm of O3, and 1.0 ppm of NO2,
NH3, and CO. It can be observed that the sensor presented a high re-
sponse to O3 (49), less response to NO2 (4.3), and NH3 (0.1) and no
response to CO gas. As can be seen, the sensor response to O3 gas was
approximately 10 and 500 times greater than to NO2 and NH3 respec-
tively, indicating that the nanocrystalline Zn0.95Co0.05O thin film ob-
tained can be considered as a promising material for ozone gas sensors.

To evaluate the long-term stability, the as-prepared Zn0.95Co0.05O
film was kept at 250 °C and then exposed to 297 ppb of O3 for 9 days, as

Table 1 (continued)

Material Preparation method Operating temperature
(°C)

Sensor
response

Response/Recovery
time (s)

Minimum O3 level
detected (ppb)

Gases tested Reference

Zn0.95Co0.05O Polymeric precursors 200 ~3 e 46/360 42 O3, NO2, CO [39]
Zn0.95Co0.05O Spray pyrolysis 250 0.4 e 46/62 20 O3, NO2, NH3, CO Present study

a =s Gair
Ggas

.
b =s Rair Rgas

Rair
.

c =s Rair
Rgas

.
d =s Rgas

Rair
.

e =s Rgas Rair
Rair

.

Fig. 5. (a) Ozone sensor response of Zn0.95Co0.05O thin film at 250 °C exposed
to different ozone levels (20 to 1040 ppb). The inset of panel (a) shows a de-
tailed region of sensor response towards 20 and 89 ppb of O3 gas. (b) A linear
relationship between sensor response and ozone level was used to estimate the
predicted minimum level detectable (20 to 297 ppb).
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showed in Fig. 8. It can be seen that the response varied slightly in the
period evaluated. Such results demonstrate the good stability of the
nanostructured Zn0.95Co0.05O thin film obtained via spray-pyrolysis
technique.

3.1. Final remarks

A small amount of Co in the ZnO (nominally 5%) provided ozone
sensor activity with good selectivity concerning the oxidant and redu-
cing gases employed in this investigation. The presented results evi-
dence the potential of nanostructured Zn1–xCoxO thin film obtained via
spray-pyrolysis, however, further investigations should be performed.
In fact, the influence of humidity levels can affect the sensor response as
the water molecules could compete with the ozone molecules by the
same active sites. Future approaches include the optimization and
calculations about the stability of ZnCoO surface and the role of Co
presence to develop a realistic model for the analyte interaction. In-situ
and operando investigations employing impedance spectroscopy can
also give an insight into the gas sensing mechanisms of the as-synthe-
sized Zn1-xCoxO thin films.

Fig. 6. Sensor response of Zn0.95Co0.05O film at 250 °C exposed to different levels of (a) NO2, and (b) NH3 gas.

Fig. 7. Comparison of the sensor responses of the Zn0.95Co0.05O thin film ex-
posed towards different gases at an operating temperature of 250 °C.
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4. Conclusions

Spray-pyrolysis was employed to produce a nominal Zn0.95Co0.05O
thin film as a gas sensor device. This method of synthesis discards the
needs of vacuum or high temperatures and provides an effective ap-
proach to produce thin films in a two-steps process (preparation of
precursor solution and pulverization/pyrolysis). The film surface has a
homogeneous and rough character with nanosized grains. The XPS
analyses revealed the incorporation of Co2+ into the ZnO lattice. With
respect to sensing performance, the Zn0.95Co0.05O thin film presents
suitable repeatability, good range of detection (20 to 1040 ppb) to
ozone gas, and low sensitivity to reducing gases (NH3 and CO).
Therefore, our results indicate a high selective material for thin film
based ozone gas sensors obtained by a suitable and large-scale pro-
duction method.
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