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In recent years, advanced material processing techniques have allowed sci-
entists to research and document the properties of nanostructured metal
oxides. One such material system, zinc oxide (ZnO), has emerged as a favor-
able option for a multitude of applications. In this study, thin films of ZnO
with nanorod-like architectures were hydrothermally formed on a glass sub-
strate and their physical and chemical properties were thoroughly charac-
terized. X-ray diffraction confirmed the wurtzite structure and a scanning
electron microscope was used to verify the vertical alignment of the rods.
Defects due to the high oxygen vacancy concentration were revealed through
photoluminescence studies. The high surface area of the nanorods works in
conjunction with these defects and an optimal inter-rod spacing creates con-
ditions for effective gas adsorption and diffusion. With this in mind, the na-
norods were used to fabricate a gas sensor which demonstrated excellent NO2

sensitivity and selectivity at a relatively low operating temperature.
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INTRODUCTION

Environmental pollution has forced humanity to
develop simple, reliable gas sensors to detect harm-
ful, flammable, and explosive gases.1–4 Nitrogen
dioxide (NO2) is one such environmentally haz-
ardous gas. NO2 is one byproduct of combustion in
factories, exhaust of motor vehicles, and chemical
and thermal power plants.2 Excess NO2 gas leads to
the formation of ozone, smog, and nitric acid rain. In
addition, high levels of NO2 gas have been shown to
decrease lung capacity and cause an upsurge in
respiratory problems.3 Therefore, there is need for
sensitive, selective, and low-concentration level
detection of NO2 gas. To this end, metal oxides such
as zinc oxide (ZnO), tin oxide (SnO2), indium oxide
(In2O3), tungsten oxide (WO3), etc. have been

proven to be strong candidates for simplistic and
economical gas-sensing materials due to their low
cost, compact size, flexibility, high gas-sensing
activities, and the simplicity of their use.5–10 Addi-
tionally, the semiconducting metal oxide gas sen-
sors consist of simple components such as a sensing
element, signal converter, and portable electronic
devices. ZnO in particular has proven to be one of
the most promising materials in sensor technology
due to its excellent sensitivity, selectivity, and
simple sensing operations. Moreover, the low-cost
and environmentally benign components of ZnO as
well as its higher exciton binding energy and band
gap have been extensively explored for multiple
practices such as gas sensors, photo-catalytic dye
degradation, solar cell materials, etc.11–14 In the
literature, nanostructured ZnO with a wide variety
of morphologies including needles, wires, fibers,
rods, belts, tubes, flowers, particles, films, sheets,
and plates has been studied extensively and used in
gas-sensing applications.15–17 Of these various
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morphologies, the nanorod, or wire-like, morpholo-
gies offer a high surface-to-volume ratio, maximum
number of active sites at the surface, and good
charge transfer and carrier mobility.18 Various
techniques have been used to deposit ZnO nanorods
including chemical bath deposition, reflux,
hydrothermal, and solvothermal techniques. Of
these methods, the hydrothermal route offers
numerous advantages such as simpler procedure
and assembly, eco-friendly nature, low cost, and
ability to fabricate free-standing nanostructures
with various morphologies.19–21 In addition, the
ability to control the growth of the material by
varying the temperature, pressure, and time of
synthesis is another advantage of the hydrothermal
method. Thus, that method was chosen for use in
this study.

Here, we explore gas-sensing properties of a ZnO
nanorod thin film-based sensor with regard to NO2.
Before the sensing properties could be studied, the
ZnO thin films were prepared using a simplistic
hydrothermal method with different concentrations
of a zinc ion solution. The structural, surface
morphology, and optical properties of the ZnO thin
films were studied using x-ray diffraction (XRD),
field emission scanning electron microscopy
(FESEM), and room-temperature photolumines-
cence (PL) spectroscopy. The synthesized ZnO thin
films show a sensitive and selective detection of NO2

gas at relatively low operating temperatures.

METHOD AND MATERIALS

Zinc nitrate [Zn(NO)3Æ6H2O], ammonium hydrox-
ide (NH4OH), and tri-sodium citrate
(C6H5Na3O7Æ2H2O) of analytical grade were pur-
chased from Sigma-Aldrich and used without fur-
ther purification. The synthesis of ZnO nanorod thin
films in our study was reported earlier in the
literature.22,23 In short, at first, a 100-nm-thick
ZnO seed layer was deposited over soda-lime glass
substrate by using the radiofrequency (RF) sputter-
ing method. Then, the seed layer of ZnO was dipped
vertically in a Teflon-coated stainless-steel auto-
clave containing the precursor solution. Typically,
the precursor solution contains Zn(NO)3 in different
concentrations, such as 0.2 g, 0.3 g, 0.4 g, and 0.5 g
in 48 ml of deionized water. The 1.6 ml of NH4OH
solution was used to maintain the pH of the solution
at around 11. An equal amount of trisodium citrate
was used as a complexing agent. Then, the sealed
autoclave was placed in an oven at 80�C for 90 min,
and after completion of the reaction, the substrates
were removed, rinsed with deionized water, and
dried at room temperature. Figure 1 shows the
experimental setup used in our laboratory. The ZnO
thin film samples prepared for different zinc nitrate
such as 0.2 g, 0.3 g, 0.4 g, and 0.5 g in 48 ml of
deionized water are denoted as ZnO-a, ZnO-b, ZnO-
c, and ZnO-d, respectively.

The structural properties of the as-synthesized
ZnO thin films were studied using a high-resolution
x-ray diffractometer with Ni-filtered Cu-Ka1 radia-
tion of 1.54056 Å (X’pert PRO, Philips, Eindhoven,
Netherlands). The surface morphology of the as-
synthesized ZnO thin films was recorded via field
emission scanning electron microscopy (FESEM;
model S-4700, Hitachi, Japan). The PL spectra of
the ZnO thin film samples were recorded using a PL
spectrophotometer (PI-Max3, Princeton Instru-
ments, USA). To study the gas-sensing properties
of ZnO nanorods, the home-built, computer-con-
trolled static gas-sensing system with a Keithely
6514 electrometer was used. The gas-sensing sys-
tem consisted of an air-tight stainless-steel test
chamber having volume capacity of 250 cc with the
provision of a gas inlet/outlet, and a flat heating
plate with a temperature controller. Initially, the
thin film sample was preheated at a desired tem-
perature using a hot plate and monitored by the
temperature controller. During the measurement,
the film area for all ZnO thin films was kept
constant and a known amount of gas was injected
into the system to measure the change in the
electrical resistance of the films with respect to the
variation in the NO2 gas concentrations at different
operating temperatures. The gas response (S [%]) is
calculated using the following equation:

S %ð Þ ¼ Rg � Ra

Ra
� 100 ð1Þ

Fig. 1. Schematic representation of the experimental details used in
our study. The steps involved in the experiments were: (1) growth of
seed layer, (2 and 3) preparation of precursor solution and control of
pH of the solution, (4) insertion of the sample in solution in a jar, and
(5 and 6) deposition and washing of film with deionized water.
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where Ra is the resistance of the film in the air and
Rg is the resistance of the film after gas exposure.

RESULTS AND DISCUSSION

Figure 2 depicts the XRD pattern of all ZnO film
samples synthesized via the hydrothermal route.
The diffraction peaks observed in Fig. 2 can be
indexed to the hexagonal wurtzite ZnO, consistent
with the JCPDS card no. 36-1451. The main intense
(002) peak indicates the vertical growth of ZnO,
which is perpendicular to the substrate. Moreover,
with the increase in zinc nitrate concentration, the
intensity of the (002) peak increases further. The
increased peak intensity strongly suggests the
growth of ZnO preferentially in one dimension:
along the c-axis.24 In addition, the diffraction peaks
are narrow and intense which indicates the high
crystallinity of the as-synthesized ZnO samples.
Interestingly, the XRD pattern shows slight
enhancement of the (100) peak intensity with the
increase in the zinc nitrate concentration.

Figure 3 shows the FESEM images of ZnO thin
films synthesized by hydrothermal route with dif-
ferent concentrations of the zinc nitrate solution. As
observed in Fig. 3, all ZnO thin film samples contain
vertically aligned nanorods. In addition, the nanor-
ods become denser and their size grows larger as the
amount of the zinc nitrate in the bath solution
increases. However, they become slightly shorter for
the sample ZnO-d as compared to its preceding
counterpart. The decrease in the rod length is
partially compensated for by the increase in the
rod width. The increase in the zinc nitrate concen-
tration may be responsible for the higher rate of
dissolution of the (002) facet up to a certain limit. A
further increase in the zinc nitrate concentration
enhances the width of the nanorod on account of its

length. For the samples ZnO-b and ZnO-c, the
spacing between adjacent nanorods was seen
equally distributed and for sample ZnO-d, the
spacing was very low and it looks like the nanorods
overlap. The FESEM images of all the ZnO thin
films are consistent with the XRD patterns. Mean-
while, the linear nanorods with adequate inter-rod
distance provide effective space for gas adsorption/
desorption.

The inhabitant defects such as oxygen vacancies
and doping impurities allied with metal oxides are
the vital features of the gas-sensing properties, as
gas sensing is a surface phenomenon and the
oxygen vacancies induce a large number of electron
donors on the surface of ZnO structures.25–30 More-
over, the higher oxygen vacancies present in the
ZnO sample form a thicker electron depletion layer
due to the large number of electrons captured from
the conduction band of ZnO. Such a thick electron
depletion layer boosts the gas-sensing performance
of ZnO thin films. PL spectroscopy is an effective
way to study the defects present in the metal oxide
semiconductors.26,27 Figure 4 shows the room-tem-
perature PL spectra of all ZnO nanorod samples.
The broad PL peak for all ZnO samples appears at
� 600 nm corresponding to the visible region. This
PL peak in the visible region is attributed to the
deep-level emissions and is ascribed to the presence
of oxygen vacancies, interstitial sites, and
defects.28–30 In addition, the intensity of the PL
peaks in our study is found to be different for
different ZnO samples. In general, the PL peak
intensity indicates the presence of defects and/or
oxygen vacancies; maximizing the PL peak inten-
sity indicates maximum defects, as the PL peak
intensity increases further from sample ZnO-a to
sample ZnO-c. Therefore, the defect level increased
from sample ZnO-a to sample ZnO-c. Meanwhile,
sample ZnO-d shows slightly lower PL peak inten-
sity compared to sample ZnO-c.

The operating temperature is the most important
influencing factor of gas response of a semiconduc-
tor metal oxide gas sensor. So, to determine the
optimal operating temperature, we performed a gas-
sensing test for all the ZnO samples at an NO2 gas
concentration of 100 ppm. Figure 5 shows the vari-
ation of gas response for all the ZnO thin film
samples as a function of the operating temperature.
In the range of working temperatures, the gas
response of all the ZnO thin film samples increases
further incrementally in the working temperature
and then decreases beyond the operating tempera-
ture of 150�C. The maximum gas response is
observed at 150�C for all ZnO thin film samples,
which is considered as the optimum operating
temperature in our study. The lower gas response
in the operating temperature range of 100 to 150�C
is due to the weak chemical reactions at the surface
caused by insufficient thermal energy, and poorer
gas response at higher temperature is ascribed to
less availability of NO2 gas due to its conversion into

Fig. 2. The XRD patterns of hydrothermally grown ZnO thin films
samples.
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NO gas.31 Meanwhile, Fig. 5 also demonstrates the
variation of gas response with respect to the ZnO
thin films synthesized at different zinc nitrate
concentrations. Samples ZnO-a, ZnO-b, ZnO-c, and

ZnO-d show a maximum gas response of about 220,
290, 560, and 400 at 150�C for 100 ppm of NO2 gas,
respectively. Due to the higher gas response
observed for sample ZnO-c, it was chosen for the

Fig. 3. FESEM images of hydrothermally grown ZnO thin film samples: (a) ZnO-a (b) ZnO-b (c) ZnO-c, and (d) ZnO-d.

Fig. 4. PL spectra of all ZnO thin films.

Fig. 5. Variation of gas sensor response of all ZnO thin film samples
for 100 ppm of NO2 gas at different operating temperatures.
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further gas-sensing study. From Fig. 5, it is con-
cluded that the optimal working temperature is
150�C and the most suitable ZnO sample is ZnO-c.
In the meantime, the better gas response observed
for sample ZnO-c is the harmonious effect of the
higher nanorod length, large surface area, adequate
inter-rod spacing, and higher defect density.

Figure 6 shows the variation in electrical resis-
tance of sample ZnO-c when exposed to 100 ppm of
NO2 gas, and Fig. 7 reveals the sensitivity, selec-
tivity, and stability of sample ZnO-c towards NO2

gas at 150�C. In the gas-sensing measurements, the
baseline resistance was obtained under dry air flow.
After the stabilization/baseline condition was met,
the NO2 gas was injected so that the resistance of
the ZnO-based gas sensor increased and became
saturated when all active sites were occupied by gas
molecules, as shown in Fig. 6. After the saturation,
when the NO2 gas was removed with dry air, the
resistance of ZnO-based gas sensor decreased and
reached the original value. In addition, Fig. 6 shows
faster responses than their recovery. Figure 7a
shows increases in the sensor response to the
increase in the NO2 gas concentration, which may
be due to availability of more NO2 molecules that
react with the ZnO sensor surface. The gas response
was observed around 15–5 ppm of NO2 gas, 40–
10 ppm, and 560–100 ppm of NO2 gas. The gas
response increased with the concentration, which is
helpful if these films are to be used in a digitized
sensor. Meanwhile, Fig. 7b shows sensing transient
curves of sample ZnO-c for different concentrations
of NO2 gas. In addition, Fig. 7b shows the response
and recovery time of sample ZnO-c at different NO2

gas concentration. The response time for all gas
concentrations remains nearly the same; however,
the recovery time increases further with increasing
gas concentration up to 60 ppm. Interestingly, with
further increase in the gas concentration, the

recovery time was lowered. This behavior may be
attributed to the fast removal of gas species at
higher concentration. It is well-known fact that the
response time decreases and recovery time
increases as the gas concentration is increased.
However, the response and recovery times may
saturate at the higher gas concentration.32 Along
with operating temperature and gas response, the
specific gas selectivity is also a very important
feature of a gas sensor. Therefore, the selectivity of
sample ZnO-c for 100 ppm of liquefied petroleum
gas (LPG) and NO2 gas is also studied at an
operating temperature of 150�C. The ZnO-c-based
gas sensor shows a gas response of about 10 and 560
towards 100 ppm of LPG and NO2 gas, respectively.
The selectivity coefficient factor for sample ZnO-c is
found to be 56. This high value shows the superior
selective nature of our ZnO-based gas sensor
towards NO2 gas as compared to LPG. In addition
to LPG, our ZnO-based gas sensor showed a supe-
rior gas response towards NO2 gas as compared to
acetone, carbon dioxide (CO2), hydrogen sulfide
(H2S), and ammonia (NH3). Figure 7c shows the
selectivity of the ZnO gas sensor towards NO2 gas.
Gas responses of about 36, 6, 15, 570, 48, and 10 are
observed for the gases such as acetone, CO2, H2S,
NO2, NH3, and LPG, respectively. Moreover, our
ZnO-based gas sensor shows enhanced gas response
as compared to earlier reports.23,33–35 In addition to
the gas response and specific selectivity, the stabil-
ity of a gas sensor is an important evaluating factor.
Therefore, the stability of ZnO-based gas sensor was
studied for 15 days. Figure 7d shows the sensor
stability curve of the ZnO gas sensor. It is observed
that the gas response of the ZnO thin film sensor
remains nearly constant over 15 days of exposure. A
minor reduction in the gas response over the period
of 15 days is observed and it is ascribed to the
formation of a moisture or oxide layer.36

In order to explain the enhancement in the NO2

sensing performance of sample ZnO-c, the gas-
sensing mechanism was taken into consideration.
In metal oxide gas sensors, the electrical resistance
is altered by the interaction of gas molecules. In our
case, the interaction of gases with ZnO nanorods
includes two steps: adsorption of oxygen molecules
from the environment on the surface of nanorods
and reaction of adsorbed oxygen ions with NO2. In
the first step, oxygen is physisorbed on the surface
of ZnO due to exposure to air. Further, at a high
temperature, the chemisorption of oxygen will hap-
pen on the ZnO surface. The chemisorbed oxygen
molecules trap electrons from the conduction band
of the ZnO. Such trapping of electrons leads to
increase in the resistance of ZnO. During the second
step, the surface of ZnO nanorod is exposed to NO2

gas. Due to the oxidizing nature, the NO2 molecule
reacts with the chemisorbed oxygen onto the ZnO
surface and traps electrons from its conduction band
and, in turn, leads to the further increase in the
resistance. In addition, the enhancement of the gas-

Fig. 6. The variation of electrical resistance of sample ZnO-c when
exposed to 100 ppm of NO2 gas at temperature of 150�C.
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sensing activity of the ZnO nanorods was controlled
by the gas diffusion activity with an efficient surface
area. Regular arrangement and proper spacing in
adjacent nanorods of sample ZnO-c provides a
higher surface area and various tracks for gas
diffusion. Since using FESEM images, it is under-
standable that the length and interspace distance of
the nanorods increased when the concentration of
the Zn ion precursor is increased. Sample ZnO-d
gives less surface area for the gas diffusion as
compared to sample ZnO-c. This results in a diffi-
culty for the gas molecule to extent the bottommost
and, hence, the recorded gas response was low.
Because of the steady and well-set apart ZnO
nanorods, sample ZnO-c has a higher effective
surface area and defects compared to the other
samples and it provides a more reactive surface area
along with frequent channels for gas diffusion.

CONCLUSION

In this work, nanorod-like ZnO thin films were
prepared using a simplistic hydrothermal route on
soda lime glass substrates. The physicochemical
properties of the as-synthesized ZnO thin films were
investigated with the various characterization tech-
niques mentioned. For all ZnO thin film samples,
the broad PL peak appears at< 600 nm, ascribed to
the presence of defects such as the oxygen vacancies
and interstitial sites. The presences of higher
oxygen vacancies are beneficial for the gas-sensing
performance of ZnO thin films. Therefore, the as-
synthesized ZnO thin films were used to detect
dangerous NO2 gas. The ZnO-based gas sensor
shows a gas response of about 570 towards
100 ppm of NO2 gas at 150�C. Along with the
enhanced gas response, the ZnO-based gas sensor
shows better selectivity. The improved gas response

Fig. 7. (a) Gas sensing performance of sample ZnO-c for different ppm of NO2 gas at the operating temperature 150�C, (b) gas-sensing transient
curves of sample ZnO-c for different ppm of NO2 gas, (c) selectivity nature of sample ZnO-c towards 100 ppm of various target gases, and (d)
gas response as a function of time for sample ZnO-c in 100 ppm of NO2 gas at 150�C.
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observed for sample ZnO-c is the harmonious effect
of the higher nanorod length, large surface area,
adequate inter-rod space, and the presence of
defects.
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