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of preparing ozone gas sensors
based on ZnO nanorods†

Ariadne C. Catto,a Lúıs F. da Silva,*b Caue Ribeiro,c Sandrine Bernardini,d

Khalifa Aguir,d Elson Longob and Valmor. R. Mastelaroa

One-dimensional (1D) ZnO nanorod-like structures were successfully grown via a hydrothermal method to

be used as an ozone gas sensor. X-ray diffraction measurements (XRD) and field-emission scanning

electron microscopy (FE-SEM) analysis revealed a preferential growth of the nanorod-like structures

along the [002] direction. Electrical resistance measurements indicated a good sensitivity to different

ozone concentrations (0.06–1.19 ppm) as well as long-term stability over a 6 month period at 250 �C. In
addition, it was observed that the nanorods had a good sensitivity to ozone at room temperature when

the sensor was exposed to UV illumination. This study provides an easy and efficient way to obtain 1-D

ZnO nanorods exhibiting remarkable properties for applications as ozone gas sensing materials.
1. Introduction

Chemical gas sensors have been applied in many areas, such as
agriculture, medical diagnosis and detection of environmental
pollutants and toxins.1–4 For gas sensor devices of the highest
sensitivity, it is desirable that the sensing material exhibit a
large surface-area-to-volume ratio, which favors the adsorption
of the gases on its surface.5 For this reason, sensor devices have
been developed based on one-dimensional (1-D) nano-
structures, such as nanowires, nanotubes, nanorods and
nanobelts.6–10 Due to their unique characteristics, 1-D ZnO
nanostructured material has been widely studied for numerous
applications.8,11 Recently, ZnO nanorods arrays have also
received considerable attention in photo-activated applications,
in particular, photo-induced superhydrophilicity and
photocatalysis.11

A number of chemical and/or physical methods have been
employed in the production of gas sensor based on 1-D ZnO
nanostructure; these include metal–organic chemical vapor
deposition (MOCVD),14 pulsed laser deposition (PLD),15
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chemical vapor deposition (CVD),12 molecular beam epitaxy
(MBE),13 sputtering,16 and electrodeposition.17

However, usually these methods require relatively high
energy consumption during the synthesis in terms of temper-
ature, pressure and/or vacuum. In contrast, wet chemical
methods such as hydrothermal/solvothermal have allowed
obtain 1-D ZnO nanostructures using a simple, effective, and
reproducible procedure.18 Although several research groups
have studied gas sensors based on 1-D ZnO nanorods via
hydrothermal treatment,19,20 few studies have been carried out
on the sensing properties of 1-D ZnO nanorods towards ozone
gas.

It is important to emphasize that human exposure to ozone
gas at the level higher than certain threshold value (0.12 ppm)
are likely to result in serious health problems (e.g. headache,
burning eyes, respiratory irritation and lung damage).7 In a
recent study, Chien and co-workers12 reported the ozone
sensing properties of 1-D ZnO nanorods deposited via CVD
technique.12 Their obtained results indicated that 1-D ZnO
nanorods exhibited good sensitivity to different ozone
concentrations (1 to 2.5 ppm), however, this gas detection range
is well above of the minimum recommended level.12

We report here on a simple, versatile, and low-cost strategy
for obtaining ozone gas sensors based on hierarchical 1-D ZnO
nanorod-like structures. To our best knowledge, this is the rst
study where the hydrothermal treatment method was used to
grow 1-D ZnO nanorods directly onto interdigitated electrodes,
facilitating the integration of sensing material into the ozone
gas sensor device. Electrical resistance measurements at 250 �C
showed that the 1-D ZnO nanorods were sensitive even at a
lower ozone concentration (0.06 ppm), exhibiting fast response
time and long-term stability over a period of 190 days.
Additionally, these 1-D ZnO nanorods had relative good ozone
This journal is © The Royal Society of Chemistry 2015
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gas sensing performance at room temperature when the sample
was exposed to UV-light irradiation.

2. Experimental section
2.1. Synthesis procedure

ZnO hexagonal nanorod-like structures were grown via the
hydrothermal method directly onto a SiO2/Si substrate with
interdigitated Pt electrodes covered with a ZnO seed layer.
Initially, a nanocrystalline ZnO thin lm, which acted as a seed
layer, was deposited onto a pre-cleaned SiO2/Si substrate with
interdigitated Pt electrodes via the spin-coating technique.

ZnO hexagonal nanorod-like structureswere grown in aqueous
solutions using, zinc nitrate [Zn(NO3)2$6H2O, Aldrich, >99%] and
hexamethylenetetramine (C6H12N4, HMTA, Aldrich, >99%) in a
molar concentration of 0.055 mol L�1 and 0.1 mol L�1, respec-
tively. The reagents were separately dissolved in deionized water
at room temperature and theHMTA solution then slowly added to
the zinc solution under continuous stirring. The SiO2/Si substrate
with interdigitated Pt electrodes covered with a ZnO seed layer
was placed in a glass bottle containing the resulting transparent
solution. The substrate surface containing the ZnO seed layer was
face down in the bottom of the glass bottle with a screw cap.
Fig. S1† presents in detail the steps taken to obtain the 1-D ZnO
nanorod-like structures. The hexagonal 1-D ZnO nanorod growth
process was carried out with the glass bottle placed in an electric
furnace for 4 hours at 110 �C. The lm was removed from the
solution when the solution attained room temperature, washed
with deionized water and alcohol isopropyl, and dried at 80 �C for
12 hours in an air atmosphere.

2.2. Characterization techniques

One-dimensional ZnO nanostructures were characterized by
X-ray diffraction measurements (Diffractometer Rigaku, Ultima
IV) with a monochromatic CuKa radiation source. The data
were collected in the 2q¼ 20–80� range, with a step of 0.02� and
a step scanning at 2� min�1. The morphological properties of
the 1-D ZnO hexagonal nanorods were analyzed in a eld
emission scanning electron microscope (FE-SEM, Zeiss
Supra35) operating at 10 kV. The average nanorod size was
estimated measuring 150 particles from the FE-SEM images.
The microanalysis by energy-dispersive X-ray (EDX) spectros-
copy was performed in a spectrometer Thermo Scientic (model
6742A).

2.3. Gas sensing measurements

The sample was inserted into a chamber which allowed
control of the substrate temperature and ozone concentra-
tions. Ozone gas was formed from oxidizing oxygen molecules
of dry air (8.3 cm3 s�1) by a calibrated pen-ray UV lamp (UVP,
model P/N 90-0004-01), providing ozone concentrations from
0.06 to 1.19 ppm. The dry air, containing ozone, was blown
directly onto the sample placed on a heated holder. The
applied dc voltage was 1 V and the electrical resistance was
measured using a Keithley (model 6514) electrometer. The
sensitivity (S) was dened as S ¼ Rozone/Rair, where Rozone and
This journal is © The Royal Society of Chemistry 2015
Rair are the electric resistance of the sensor exposed to ozone
gas and to dry air, respectively.

The sensor response time was dened as the time required for
a change in the sample's electrical resistance to reach 90% of the
initial value when exposed to ozone gas. In the same way, the
recovery time was dened as the time required for the electrical
resistance of the sensor to return 90% of the initial value aer
turning off the ozone gas. To determine the long-term stability
over period of 190 days, the sample was stored and exposed to
0.1 ppm of ozone at working temperature of 250 �C every amount
of days by measuring the repeated adsorption and desorption
cycles (3 cycles were collected).

Gas sensing measurements under UV-light irradiation were
performed using a UV-LED (peak wavelength of 351 nm; oper-
ating voltage of 3 V) at a working temperature of 26 �C � 1 �C.
The distance between the UV-LED and the sensing material was
kept at 10 mm. Initially, the sample was irradiated for 30 min
with a UV-LED to stabilize the electrical resistance.
3. Results and discussion

Fig. 1a displays the X-ray diffraction (XRD) pattern of 1-D
nanostructure ZnO lm. All diffraction peaks were indexed as
hexagonal wurtzite structures of ZnO with a P63mc space group,
according to JCPDS le no. 36-1451. Furthermore, the Zn-K
XANES edge spectrum of the 1-D ZnO lm revealed that the
Zn is tetrahedrally coordinated by four oxygen atoms, exhibiting
an oxidation state of 2+,21 as shown in Fig. S2 (ESI†). The EDX
spectrum (Fig. S3†) conrms Zn, and O elements in the ZnO
lm. The Si and C peaks can be attributed to the silicon
substrate and residues of HMTA.

Additionally, the (002) XRD peak presented a higher inten-
sity, showing that the sample was preferentially textured along
the c-axis, in good agreement with the FE-SEM image (Fig. 1b).
FE-SEM images also showed that the ZnO lm is composed by
uniform hexagonal ZnO nanorod-like structures, as depicted in
Fig. 1c and d. The average diameter and length of the nanorods
were 160 nm and 2 mm, respectively. The growth process of
these ZnO nanorods via the hydrothermal method has been
investigated in many studies22–27 and it is well established that it
is based on hydrolysis and precipitation reactions.28

The electrical resistance of 1-D ZnO nanorods wasmonitored
when exposed to 0.1 ppm of ozone for different periods of time
and at a working temperature of 250 �C. As can be seen in Fig. 2,
the sample displayed good sensitivity even for shorter exposure
times, presented total reversibility and had good stability of the
base line. Additionally, the sample did not reach saturation,
even for longer exposure times up to 60 seconds, probably due
to the high volume/surface ratio of the nanorods.

As is well known, in ozone gas detection, the O3 gas
molecules adsorb on the ZnO surface, implying the formation of
an electron-depletion layer due to adsorption of ions, which
increases the potential barrier and consequently diminishes
ZnO conductivity.29,30 The gas response of the 1-D ZnO nanorods
can be explained by the following reactions,4

O3(g) + e� / O2(des) + O(ads)
� (1)
RSC Adv., 2015, 5, 19528–19533 | 19529
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Fig. 1 ZnO nanorods film prepared via hydrothermal method. (a) X-ray
diffraction pattern, (b) FE-SEM images of cross-section and (c)–(e)
surface microstructure.

Fig. 2 Ozone gas sensing response of as-prepared ZnO nanorods
exposed to 0.1 ppm for different exposure times (15 s, 30 s, 60 s, and
120 s).
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In order to determine the optimal working temperature, the
sample was exposed for 30 s to 0.1 ppm of ozone at different
temperatures. As can be seen in Fig. 3a, the sensitivity of the 1-D
ZnO nanorods was highest at 250 �C. This temperature has been
seen in the literature.31 In addition, as displayed in Fig. 3b, the
high surface-to-volume ratio of the nanorod-like structures
favored the adsorption/desorption processes, presenting a fast
Fig. 3 Ozone gas sensing properties of ZnO nanorods film. (a)
Sensitivity and (b) response and recovery time towards 0.1 ppm O3 at
various operating temperatures.

This journal is © The Royal Society of Chemistry 2015
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Fig. 5 Stability of the ZnO film during 190 days to 0.1 ppm of ozone.
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response time (10–18 s) and a recovery time varying from 15 s to
5 min.

The gas sensing response was then studied with different
ozone concentrations and at a working temperature of 250 �C,
as displayed in Fig. 4. For each measurement cycle, the sample
was exposed for 30 s. Fig. 4a shows reversible cycles of the
response curve indicating a stable and reproducible response. It
can be seen that the resistances of the samples are increased
upon to exposure to oxidizing gas, indicating the n-type semi-
conductor behavior. It is important to note that aer several
exposure cycles the 1-D ZnO sample detected lower ozone
concentration, demonstrating good reversibility. Furthermore,
the sensitivity of the 1-D ZnO nanorods increased with ozone
concentration and reached saturation at 1.19 ppm, as shown in
Fig. 4.

Fig. 5 shows the ZnO nanorods' sensitivity to 0.1 ppm of O3 at
working temperature of 250 �C, over a 190 day period. A slight
variation of the gas sensor response, demonstrating long-term
stability of the sample, is the average sensitivity value of 5.2
with a standard deviation of 0.5.

Although the results presented here conrm that 1-D ZnO
nanorods present a signicant sensitivity to ozone around
250 �C, an effort has been made to decrease the operating
temperature, and other studies have focused on developing gas
sensors that work at room temperature.
Fig. 4 ZnO nanorods at an operating temperature of 250 �C (a)
sensitivity and (b) sensitivity vs. ozone concentration.

This journal is © The Royal Society of Chemistry 2015
The sample studied here was initially exposed to ozone at
room temperature (around 26 �C) without any illumination, and
as can be seen in Fig. 6a, a slight ozone response was observed
with a longer recovery time. On the other hand, when the
sample was exposed to ozone under UV illumination, Fig. 6b,
the sensitivity to ozone gas was enhanced over that without UV
light. As showed in Fig. 6b, the 1-D ZnO nanorods exhibited a
Fig. 6 Ozone sensitivity of ZnO nanorods at room temperature (a) in
dark (black curve) and under UV-light exposition (magenta curve)
towards 0.1 ppm of O3 and (b) at various ozone levels operating under
UV-light irradiation.

RSC Adv., 2015, 5, 19528–19533 | 19531
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good gas sensing response towards different ozone levels when
kept under UV irradiation. The sample exhibited a response
time between 40 and 44 s, and a recovery time varying between 9
and 11 min, depending on O3 level.

The ozone sensing mechanism of ZnO nanorod-like
structures under UV light can be explained as follow:

First, when the 1-D ZnO nanorods are exposed to an air
atmosphere, oxygen molecules are adsorbed on the different
ZnO surfaces,

O2(gas) / O2(ads). (2)

These oxygen molecules capture free electrons from the ZnO
conduction band, forming ionized oxygen anions.32 At temper-
atures <150 �C, the ionic species O2

� are dominant,30

O2(ads) + e� / O2(ads)
�. (3)

These O2
� species contribute to form a high-resistance

depletion layer in the nanorod surfaces, increasing electrical
resistance in the nanorods (Fig. S4†). When the nanorods are
exposed to UV irradiation (3.53 eV), electron–hole pairs are
photogenerated (hv / h+ + e�) in the ZnO surface, because the
photon energy is larger than the ZnO band gap.31,33,34 The
photogenerated holes (h+) migrate to the ZnO surface, and
O2

� species are photodesorbed,

h+ (hv) + O2(ads)
� / O2(g) (hv). (4)

As consequence, the depletion layer is diminished and the
remaining unpaired electrons contribute to an increase in the
electrical conductivity, as shown in Fig. S4.† Upon exposure to
O3 gas, O3 molecules adsorb on the ZnO surfaces, as shown in
the following reaction:

O3(g) + e� (hv) / O2(des) (hv) + O2(ads)
� (hv). (5)

This reaction widens the depletion-layer in the ZnO surface,
hindering the ux of charge carriers, and consequently, the
electrical resistance is increased when the sensing material is
exposed to O3 gas, as shown in Fig. 6.
4. Conclusions

This work reported a low-temperature way to prepare an ozone
gas sensor based on hexagonal 1-D ZnO nanorod-like structures
grown via a hydrothermal process. Gas sensing measurements
showed the great potential of these ZnO nanorods, which
display a fast response (of ca. 14 s), short recovery time (of ca. 60
s), and long-term stability for a period of over 6 months at
optimal temperature of 250 �C. In addition to excellent ozone
detection at 250 �C, the sample also showed a good sensitivity to
ozone at room temperature under UV-light irradiation. This
versatile methodology may provide an alternative way to
manufacture gas sensor devices, growing them at low temper-
atures on exible substrates which operate at room
temperature.
19532 | RSC Adv., 2015, 5, 19528–19533
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