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The growth of uniformly distributed and densely packed array of zinc oxide (ZnO) nanorods (NRs) and nanorods (NRs)/nanopo-
lypods (NPPs) was successfully achieved through microwave-assisted chemical route at low temperature. The ZnO NRs and NRs/
NPPs were characterized using X-ray diffraction (XRD), scanning electron microscope (SEM), energy dispersive X-ray analysis
(EDX), andUV-Vis absorption spectroscopy.The ZnONRswere of 100–150 nmdiameter and 0.5–1 𝜇m length, while the NPPs were
of diameter about 150–200 nm and 1.5–2 𝜇m pod length.The prepared films are polycrystalline in nature and highly oriented along
(002) plane with a hexagonal wurtzite structure. These films were studied for the sensing properties of liquefied petroleum gas
(LPG), oxygen, and hazardous explosives, that is, 2,4,6-trinitrotoluene (TNT) and cyclotrimethylenetrinitramines (RDX), in the
temperature ranges of 25–425 ∘C and 100–200 ∘C, respectively. The grown nanostructure films showed reliable stable response to
several on-off cycles, and reduction in sensor recovery time was found with the increase in temperature. ZnO NRs and NRs/NPPs
showed better sensitivity and recovery time for both LPG and oxygen, as compared to the literature-reported results for ZnO thin
films.

1. Introduction

Numerous materials have been reported to be usable as
metal-oxide chemical sensors including both single-com-
ponent (e.g., ZnO, SnO

2
, WO

3
, TiO

2
, and Fe

2
O
3
) and

multicomponent oxides (BiFeO
3
, MgAl

2
O
4
, SrTiO

3
, and

Sr
1−yCayFeO3−x). The metal-oxide semiconductors like ZnO,

SnO
2
, or TiO

2
react with atmospheres like oxygen, carbon

monoxide, or carbon dioxide which has been known for years
and investigated intensively.Themetal-oxide semiconductors
are high gap metal oxides in which the semiconducting
behavior arises from the deviation of stoichiometry. Conduc-
tometric metal-oxide-semiconductor thin films are the most
promising devices among solid state chemical sensors, due
to their small dimensions, low cost, low power consumption,
on-line operation, and high compatibility with microelec-
tronic processing. The hazardous gas detection spans from
environmental monitoring, automotive applications, air con-
ditioning in airplanes, spacecrafts and houses, explosive

detection of sensors networks, and so forth. Historically, ZnO
is one of the first materials studied as a gas sensor. ZnO is
also a promising material for the realization of electronic and
optoelectronic devices due to its specific chemical, electrical,
surface, and microstructural properties. ZnO is a wide band
gap semiconductor, having high exciton binding energy of
60meV which allows excitonic transitions at room temper-
ature, meaning high radiative recombination efficiency for
spontaneous emission as well as lower threshold voltage for
emission, and has a stable wurtzite structure with lattice
spacing 𝑎 = 0.325 nm and 𝑐 = 0.521 nm. It has attracted
intensive research efforts for its unique properties and
versatile applications in antireflection coatings, transparent
electrodes in solar cells, ultraviolet (UV) light emitters, diode
lasers, varistors, piezoelectric devices, spin electronics, sur-
face acoustic wave propagator [1], photonic applications [2],
and gas sensing [3].

For gas sensing, ZnO is good candidate to replace the
toxic and expensive materials like SnO

2
generally used for
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gas sensing applications [4].The ZnO is particularly useful to
gas sensors because of its typical properties such as resistivity
control over the range of 10−3 to 105Ωm, high electrochem-
ical stability, absence of toxicity, and abundant availability
in nature [5]. This is primarily due to the high mobility of
conduction electrons in the material and good chemical and
thermal stability under operating conditions. ZnO-based gas
sensors have been fabricated using powders, pellets, thick and
thin films, and so forth. Thin films are found to be suitable
for such sensors, since the gas sensing properties of metal
oxides are related to the material surface and the species
are adsorbed and react with the surface [3, 6], leading to
change in the resistance of sensor element [7]. Instead of
the sensors measuring the change of electrical conductance,
there are several other kinds of sensors, such as photolumi-
nescence (PL) sensors, nanostructured ZnO coated quartz
crystal microbalance (QCM) sensors, and plasmon surface
resonance-based sensors [8]. However, compared with the
electrical conductance-based sensors, these sensors are com-
plicated and expensive. The mechanism for gas detection in
these conductometric materials is based, in large part, on
reactions that occur at the sensor surface, resulting in a
change in the concentration of adsorbed oxygen. Variation
in conductivity is due to the adsorption of atmospheric
oxygen on the oxide surface that extracts electrons from the
semiconducting material leading to change in carrier density
and conductivity.

The fundamental sensing mechanism of metal-oxide-
based gas sensors relies on a change in electrical conductivity
due to the interaction process between the surface complexes
such as O−, O2−, H+, and OH− reactive chemical species and
the gas molecules to be detected. For example, changes in
the electron density at the semiconductor surface are due to
the presence of oxidizing and reducing gases, because of the
adsorption and desorption of O−, O2−, and O

2

−. Oxygen ions
adsorb onto the material’s surface, removing electrons from
the bulk and creating a potential barrier that limits electron
movement and conductivity. On interactionwith oxidizing or
reducing gases, adsorbed oxygen concentration and thereby
conductivity change. The change in conductivity is a mea-
sure of gas concentration. For reducing gases such as H

2
,

H
2
S, LPG, CO, CO

2
, C
2
H
5
OH, and NH

3
, the conductivity

increases for n-type materials (ZnO) and reduces for p-type
materials (such as Te). The effect of oxidizing gases such as
NO
2
is opposite to that of reducing gases. Adsorbed oxygen

gives rise to potential barriers at grain boundaries and thus
increases the resistance of sensor surface. On the other hand
reducing gas decreases the oxygen surface concentration
and hence the surface resistance; magnitude of the response
depends on the nature and concentration of the volatile
molecules and on the type ofmetal oxide.This change in con-
ductivity is directly related to the amount of a specific
gas present in the environment, resulting in a quantitative
determination of gas presence and concentration.

The low selectivity is a well-known problem of these sen-
sors, and its improvement is a research field open to different
solutions. An improvement in selectivity can be obtained
by changing the sensor temperature during measurements.

These gas-sensor reactions typically occur at elevated tem-
peratures (150–600∘C), requiring the sensors to be internally
heated for maximum response. The operating temperature
must be optimized for both the sensor material and the gas
being detected. In addition, to maximize the opportunities
for surface reactions, a high ratio of surface area to volume is
needed. As an inverse relationship exists between surface area
and particle size, nanoscalematerials, which exhibit high sur-
face area, are highly desirable. The effects of the microstruc-
ture, namely, ratio of surface area to volume, grain size,
and pore size of the metal oxide particles, as well as film
thickness of the sensor performance are well recognized.
Since the gas sensing mechanism is a surface reaction, use of
nanostructured materials is expected to improve gas sensing
characteristics. Many recent reports have confirmed the ben-
efits of nanotechnology to sensor performance. The most
recent research has been devoted to nanostructured oxides,
since reactions at grain boundaries and complete depletion
of carriers in the grains can strongly modify the material
transport properties. Unfortunately the high temperature
required for the surface reactions to take place induces a grain
growth by coalescence and prevents the achievement of stable
materials.

ZnO exhibits a wide range of novel structures which
include NRs, belts, rings, spheres, and core shells that can be
grown by tuning the growth rates along these directions. One
of the most profound factors determining the morphology
involves the relative surface activities of various growth facets
under given conditions. The use of ZnO nanostructures like
NRs, and nanowires, nanotetrapods having higher surface
area to volume (aspect ratio) can give even better sensitivity
response, compared toZnOnanoparticles/thin films, because
the interaction between the adsorbed gases and the sensors
surfacewill be stronger for the nanostructures as the complete
particle contributes to the gas sensing phenomenon as 𝐷 ∼
2𝐿, where 𝐷 is the particle diameter and 𝐿 is the Debye
length. The larger surface area of the materials synthesized
also facilitates the gas detection at much lower tempera-
tures [9]. The development of ZnO nanostructure-based gas
sensors has attracted intensive research interest in the last
several years because of their selective and rapid detection
of various gases specified by novel nanostructures. ZnO NRs
with excellent gas sensing properties have been reported by
Sun et al. [10].

Various ZnO nanostructures have been prepared using
both physical as well as chemical methods, which include
chemical vapor deposition [11], physical vapor deposition
[12], laser ablation [13], and chemical synthesis [14, 15].
Among them, chemical synthesis is much simpler and the
reaction is performed at much lower temperatures [16, 17].
Recently, microwave irradiation has been widely applied
to synthesis of nanomaterials. Due to intense friction and
the collision of molecules created by microwave irradiation,
microwave irradiation not only provides the energy for
heating but also greatly accelerates the nucleation. With mi-
crowave irradiation on the reactant solution, temperature and
concentration gradients can be avoided leading to uniform
nucleation. Microwave-based synthesis method is one of the
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easiest, energy-saving, green, and quick methods for large-
scale production of nanomaterials [18].

Li et al. [19] have used ZnO nanorods for H
2
, NH
3
,

and C
2
H
5
OH chemical sensing. Wang et al. [20] have used

vertically oriented ZnO nanorods for H
2
sensing and have

also reported detection of NH
3
and CO. Sun et al. [10] have

used ZnO nanorods for H
2
, NH
3
, LPG, and CH

3
CH
2
OH

whereas Lv et al. [21] reported use of ZnO nanorods for
benzene and ethanol gas. Zhang et al. [22] have synthe-
sized 3D microspheres for ethanol and ammonia sensing.
Baratto et al. [23] have used ZnO nanostructured fibers for
NO
2
sensing. Kenanakis et al. [24] have synthesized ZnO

nanosponge/rod for ozone detection. Recently, Choi and Jang
[25] have reviewed the use of 1D oxide nanostructures for
chemical sensing. To the author’s knowledge there is hardly
any report on the usage of ZnO NRs and NPPs for explosive
sensing. In the present paper, ZnO NRs and ZnO NRs/NPPs
were grown on glass substrate using microwave-assisted
chemical synthesis method. The gas (LPG and oxygen) and
RDX and TNT explosive sensing properties of ZnO NRs and
NRs/NPPs have been investigated.

2. Experimental

All substrates were thoroughly cleaned by the following
sequence: cleaned by labolene detergent and then rinsed
with double-distilled (DD) water; then boiled with dilute
chromic acid for 15 minutes and thoroughly rinsed with DD
water; after that, ultrasonicated for 10min in acetone and
then in methanol, and finally all substrates were dried in an
oven.

The ZnO NRs and NPPs on glass substrates were grown
using microwave-assisted chemical method in place of con-
ventional heating [26]. The growth of ZnO NRs was carried
out in two steps.

2.1. First Step: Synthesis of ZnO Seed Layer. Two samples
of ZnO sol were prepared, one without capping agent and
another with triethanolamine (TEA) as capping agent. In
the first case (without capping agent), solution of 0.03M
sodium hydroxide (NaOH, Merck) in methanol (CH

3
OH,

Merck) was added slowly to a continuously stirred solution of
0.01M zinc acetate dihydrate (CH

3
COO)

2
Zn⋅2H

2
O (Merck)

in methanol at 60∘C. The formed sol is designated as sample
S1 hereafter. In the second case, 0.24 mL TEA (Merck)
was added after a gap of 5min to a continuously stirred
solution of 0.03M sodium hydroxide and 0.01M zinc acetate
dihydrate (CH

3
COO)

2
Zn⋅2H

2
O in methanol at 60∘C. The

formed sol is designated as sample S2 hereafter. For the
growth of ZnO nanoparticles, the operation temperature of
solution was uniformly maintained at 60∘C for 01 h, using
2.54GHz microwave radiations. The 5min delay in addition
of TEA resulted in the formation of ZnO and (ZnOH)+
cations from the chemical reaction of zinc acetate dihydrate
and sodium hydroxide and prevented the agglomeration of
colloidal particles.

The prepared sol S1 and S2 were spin-cast four times
on glass substrate at 3000 RPM for 20 s each time to form
uniform ZnO seed layer. Between coatings, the substrates

were annealed in open air at 150∘C–160∘C for 15min to ensure
particle adhesion onto the substrate surface.

2.2. Second Step: Growth of ZnO NRs and NPPs. Growth
of NRs and NPPs was carried out by suspending the
substrates with crystal seed layer upside down in an
aqueous solution containing 0.025M Zinc nitrate hexahy-
drate, Zn(NO

3
)
2
⋅6H
2
O (Merck), 2.58mL of diethylenetri-

amine, and C
4
H
13
N
3
(Burgoyne Mk) in DD water at 90∘C.

The required operation temperature was maintained using
2.54GHz microwave radiations. After 5 hrs the substrates
were removed, rinsed thoroughly withDDwater, and dried at
room temperature. The prepared ZnO film on glass substrate
without capping agent is defined as “F1” and another with
capping agent defined as “F2.”

The prepared samples S1-S2 and films F1-F2 were charac-
terized at different stages of synthesis and growth. The UV-
Vis spectroscopy of samples was done in the range of about
300–700 nmwith the help of spectrometers (NanoDrop-1000
and HPX-2000). The particles size of ZnO nanoparticles was
measured using particle sizing system (Nicomp-380ZLS).The
structural and morphological study of samples was carried
out using Xpert PRO Panalytical Powder X-ray diffractome-
ter (XRD) in the scanning range of 20–80∘ (2𝜃) using Cu K

𝛼

radiations with wavelength 1.54 Å (JOEL, JSM-6360A, and
Philips XL-30) and analytical scanning electron microscope
(SEM).

The gas (LPG and oxygen) and explosives sensing prop-
erties of film F1 (ZnO nanorods, NRs) and film F2 (ZnO
nanopolypods, NPPs) samples was carried out in a custom
designed gas sensor assembly [3]; it comprises a temperature
controller, a copper-constantan thermocouple, an electric
heating plate, a gas chamber, and a volume measurement
unit.The two-probe DCmeasurement technique was used to
measure the electrical resistance in air and in the presence
of target gas at constant voltage of 6V. For electric mea-
surements, silver paste contacts separated by a gap of 5mm
were used to form ohmic contacts on the films F1 and F2.
The electrical resistance of film F1 or F2 in air (𝑅

𝑎
) and in

the presence of target gas (𝑅
𝑔
) was measured to evaluate the

sensor response/sensitivity (𝑆), percentage sensor sensitivity
(𝑆%), and recovery time (𝑡) as follows [27]:

𝑆 =
𝑅
𝑔

𝑅
𝑎

, (1)

𝑆% = (1 − 𝑆) × 100, (2)

𝑡 = 𝑡
2
− 𝑡
1
, (3)

where 𝑡
1
is the moment the target gas is switched off and 𝑡

2

is the moment the sample regains its initial resistance, while
the difference of both these times gives the recovery time.

3. Characterization

3.1. UV-Visible Absorption Spectra and Particle Size of ZnO
Nanoparticles. Figure 1 shows UV-Visible absorption spectra
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Figure 1: UV-Vis absorption spectra of ZnO nanoparticles of
samples S1 and S2.

of the samples S1 and S2. It is clear from the figure that
the absorbance peak for sample S1 is at 329 nm and for S2
is at 302 nm. The blue shift in the optical absorption can
be attributed to the use of TEA as a capping agent. Similar
result has been reported by Singh et al. [28]. To confirm the
blue shift in the optical absorption particle size distribution
was recorded on the particle size analyzer and is shown in
Figure 2. The particle size distribution for the sample S1 was
observed to be around 942 nm whereas for S2, 190 nm as can
be seen from Figure 2. The agglomeration of particles was
noticed in the case of S1 as evident from Figure 2(a). Thus
the blue shift is supported by the size distribution analysis.
Reduction of the particle size from 942 nm to 190 nm was
observed in the case of S2 because of TEAwhich prevents the
agglomeration.

3.2. UV-Vis Optical Absorption of ZnO Nanostructures. Fig-
ure 3 shows the UV-Vis optical absorption spectra of films
F1 and F2 with absorption edge at 373 nm and 370 nm,
respectively. These values are found to be less than 380 nm
which corresponds to bulk ZnO, indicating that ZnO nanos-
tructures grown are smaller than bulk ZnO particles [29].

3.3. Structural Analysis. Figures 4(a) and 4(b) show the X-
ray diffraction patterns for the films F1 and F2, respectively.
The diffraction peaks observed at 32.4∘, 34.4∘, 36.7∘, 48.2∘,
57.3∘, and 63.6∘ are attributed to the (100), (002), (101), (102),
(110), and (103) planes, respectively, of hexagonal wurtzite
structure [30], as can be seen in comparison with the JCPDS
card nos. 00-003-0752/01-075-1526 and 01-077-2414 for F1 and
F2. Both the films F1 and F2 are polycrystalline in nature
and highly oriented along (002) plane. The crystallite sizes
were calculated using Scherrer’s formula using information

Number-WT Nicomp distribution

RE
L.

4
3.5

3
2.5

2
1.5

1

0
10 20 50 100 200 500 1 K 2 K 5 K 10 K

Diameter (nm)

(a)

Number-WT Nicomp distribution

RE
L.

10 20 50 100 200 500 1 K 2 K 5 K 10 K
Diameter (nm)

100

80

60

40

20

0

(b)

Figure 2: Particles size distribution of ZnO nanoparticles (based on
number-weight distribution): (a) without capping agent sample S1
(Av. particle size: 942 nm) and (b) with capping agent sample S2 (Av.
particle size: 190 nm).
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Figure 3: Optical absorption spectra of ZnO films F1 and F2.
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Figure 4: XRD of (a) ZnO film F1 and (b) ZnO film F2.

(a) (b)

Figure 5: SEM images of ZnO film F1: (a) ZnO nanorods (NRs) with scale 1.0 𝜇m and (b) enlarged view of nanorods (NRs) with scale 0.5 𝜇m.

on broadening of diffraction peak (𝛽), X-ray wavelength (𝜆),
and incident X ray angle with crystal plane (𝜃

𝐵
), that is,

𝑇 =
0.9𝜆

𝛽 cos 𝜃
𝐵

. (4)

The average crystallite size for the (100), (002), and (101) XRD
peaks was found to be between 35–105 nm and 35–141 nm for
F1 and F2 films, respectively.

3.4. Surface Morphology of Nanostructures. Figures 5 and
6 shows the SEM micrographs of the samples F1 and F2,
respectively. From Figures 5(a) and 5(b) one can see the
growth of uniformanddensely packed array of ZnONRswith
diameter 100–150 nm and length 0.5–1 𝜇m. Figures 6(a)–6(c)
show growth of ZnO NPPs over uniform and densely packed
array of NRs which is shown in Figure 6(d). The NPPs are
with pod diameter about 150–200 nm and pod length 1.5–
2𝜇m.The formation of NPPs in sample F2 may be attributed
to the addition of TEA as capping agent [31].

4. Gas Sensing

4.1. Effect of Temperature on Sensor Response for LPG and
Oxygen. Figures 7(a), 7(b), 8(a), and 8(b) show the sensor

response (𝑆) as a function of temperature for films F1
and F2 over the temperature range from ambient 25∘C to
about 425∘C, at three different concentrations of 0.2 vol.%,
0.32 vol.%, and 0.4 vol.% of LPGand oxygen, respectively.The
response to the LPG and oxygen is due to oxygen vacancies
on metal-oxide (ZnO) surfaces, which are electrically and
chemically active. These vacancies function as n-type donors
and often significantly increase the conductivity of oxide.
Initially, the sensor response (𝑆) increases with the increase in
temperature and reaches a maximum value for both samples
with the gases. Observation of Figures 7(a) and 7(b) shows
that for LPG the sensor response reaches the maximum value
at 385∘C temperature for film F1, while for F2 the maximum
value lies in the range from 280∘C to 345∘C; similar behavior
has been reported by Patil et al. [32], Shinde et al. [4], and
Sun et al. [10]. Observation of Figures 8(a) and 8(b) shows
that for oxygen the sensor response reaches the maximum
value at temperatures of 405∘C, 385∘C, and 380∘C for film
F1, while for F2 the maximum response is at 195∘C, 270∘C,
and 275∘C. This temperature is called optimal temperature,
and activation energy at this temperature may be enough
to complete the chemical reaction, which results in the
maximum adsorption of the concerned gas, and above the
optimal temperature the sample temperature increases and it
causes a decrease in the sensitivity (𝑆), indicating the rate of
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(a) (b)

(c) (d)

Figure 6: SEM images of ZnO of film F2: (a) ZnO nanopolypods (NPPs) with scale 20.0𝜇m, (b) enlarged view of nanopolypods (NPPs) with
scale 2.0 𝜇m, (c) nanopolypods (NPPs) with nanorods (NRs) in the background with scale 1.0 𝜇m, and (d) enlarged view of ZnO nanorods
(NRs) with scale 0.5 𝜇m.
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Figure 7: Sensor response (𝑅
𝑔

/𝑅
𝑎

) with temperature for LPG: (a) ZnO nanorods (NRs) film F1 and (b) ZnO nanopolypods (NPPs) film F2.
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) with temperature for oxygen gas:
(a) ZnO nanorods (NRs) film F1 and (b) ZnO nanopolypods (NPPs)
film F2.

desorption of the reducing gas. The increase and decrease in
the sensitivity observed in the figures indicate the adsorption
and desorption phenomenon of the gases. The change in
resistance of a semiconductor oxide like ZnO sensors in the
presence of target gas takes place according to two reactions
[33]. In the first reaction, atmospheric or injected oxygen O

2

molecules are adsorbed onto the surface by taking electron
from the conduction band and are thus chemisorbed on the
surface as O−ads; this leads to an increase in the resistance of
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Figure 9: Percentage sensor sensitivity (S%) with LPG and oxygen
concentration (vol.%) at 385∘C for ZnO nanorods (NRs) film F1.

the sensor material. The chemical reaction can be explained
by the following equation:

O
2
(atm) + 2e− (cb) → 2O−ads (5)

In the second reaction, the reducing gases (R) present in the
ambient air or injected into the reaction chamber react with
the chemisorbed oxygen O−ads thereby releasing an electron
back to the conduction band and decreasing the resistance of
the sensor material given by the following equation:

R +O−ads → RO + e− (6)

C
𝑛
H
2𝑛+2
+ 2O− ←→ H

2
O + C

𝑛
H
2𝑛
−O + e− (7)

As LPG consists of CH
4
, C
3
H
8
, C
4
H
10
, and so forth, in

these molecules the reducing hydrogen species are bound to
carbon atoms. The overall reaction of LPG molecules with
adsorbed oxygen can be explained in a similar way by the
previous equation.

In case of oxygen, the maximum sensitivity value
increases with the increase in gas concentration, whereas
for LPG the maximum sensitivity value reduces with the
increase the in concentration of gas.This opposite behavior is
due to LPG and oxygen being reducing and oxidizing gases,
respectively.

4.2. Effect of Gas Concentration on Sensor Response. Figure 9
shows the sensor response (𝑆%) of film F1 as a function of
LPG/oxygen concentration at 385∘C; it reveals that the sensor
percentage sensitivity (𝑆%) increases fromnearly 17% to 102%
for LPG and 106% to 329% for oxygen as the concentration of
gas increased from 0.2 vol. % to 0.4 vol.%; similar increasing
behavior has been reported for LPG by Shinde et al. [4]. As
the LPG gas concentration increased from 0.2% to 0.32 vol.%,
the response increased rapidly from 17% to 84%, but at a
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Figure 10: Sensing and recovery time for LPG: (a) ZnO nanorods (NRs) film F1 and (b) ZnO nanopolypods (NPPs) film F2.
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Figure 11: Sensing and recovery time for oxygen gas: (a) ZnO nanorods (NRs) film F1 and (b) ZnO nanopolypods (NPPs) film F2.

higher concentration the increase in gradual response has
been observed and after which it gets saturated; however, a
linear variation has been observed in the case of oxygen. The
response can be explained on the basis of the removal of
adsorbed oxygen molecules by reaction with the target gas
and generation of electrons. For a small concentration of gas,
exposed on a fixed surface area of a sample, there is a lower
coverage of gas molecules on the surface and hence lower
surface reaction, while for an increase in gas, concentration
increases the surface reaction due to a larger surface coverage.
A further increase in surface reaction will be gradual when
the saturation point on the coverage of molecules is achieved
[33].

4.3. Sensor Recovery Analysis for LPG and Oxygen. Figures
10(a), 10(b), 11(a), and 11(b) show the sensor sensitivity (𝑆)
to LPG and oxygen with time at fixed temperatures for films
F1 and F2, respectively. The sensor sensitivity (𝑆) for films F1
and F2, during exposure to 0.4 vol.% of LPG/oxygen in an
airtight chamber for 30min and thereafter recovery in air,
was observed at fixed temperatures of 100∘C, 150∘C, 200∘C,
250∘C, and 300∘C.The sensor sensitivity (𝑆) for both samples
decreases with time in the presence of LPG/oxygen due to the
desorption process of reducing gas species present in the LPG
and the ambient air [4, 7]. After 30min, the recovery timewas
checked by the immediate exposure of sample to ambient air.
It shows that the recovery time (𝑡), defined by (3), reduces
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Table 1: Comparison table of sensitivity (𝑆%) and recovery time (𝑡) for films F1 and F2 for LPG.

Temperature (∘C) ZnO nanorods (NRs) (F1) ZnO nanopolypods (NPPs) (F2)
Percentage of sensor sensitivity (𝑆%) Recovery time (min) Percentage of sensor sensitivity (𝑆%) Recovery time (min)

100 18.2 25 27.7 14
150 33.3 2.9 25 6.2
200 17 1.9 26.3 2.5
250 28.2 0.7 28.7 0.66
300 25 2.75 27.3 1.0
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Figure 12: Sensitivity response with temperature in the presence of
TNT/RDX, for film F1.

with an increase in operation temperature up to 250∘C and
thereafter increases for higher temperatures. The recovery of
the resistance when target gas is removed is determined by
both oxygen readsorption from the ambient on the surface
and reoxidation of the oxide. The films F1 and F2 sensitivity
(𝑆) response and recovery patterns achieved for LPG are
similar and with better recovery time, in comparison to those
reported by Chatterjee et al. [7] for higher concentration
(2 vol%) of LPG on ZnO thin film. Tables 1 and 2 show
the comparison of percentage sensor sensitivity (𝑆%) and
recovery time (𝑡) of films F1 and F2 for both LPG and
oxygen. At temperature 250∘C both films have shown the
least recovery time for both LPG and Oxygen. Also the LPG
recovery time achieved at 150∘C for both films is much lesser
than that reported by Chatterjee et al. [7] using ZnO thin
films.

5. Explosives Sensing

5.1. TNT and RDX Explosives Sensing. Explosives are chem-
ical compounds that can be initiated to undergo self-
propagating decomposition resulting in the sudden release
of heat and pressure [34]. The TNT [(C

6
H
2
(NO
2
)
3
CH
3
] and

RDX [(CH
2
–N–NO

2
)
3
] belong to a class of nitroaromatic

and nitramines compounds and have extremely low vapour
pressure of 4.8 × 10−6 (Torr) and 8.3 × 10−10 (Torr) at 20∘C,
respectively. Nanostructures such as NRs and nanoparticles
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Figure 13: Sensing and recovering response for RDX: (a) ZnO
nanorods (NRs) film F1 and (b) ZnO nanopolypods (NPPs) film F2.

offer a highly sensitive platform for the detection ofmolecular
adsorption on their surfaces [35–39]. The chemical reaction
of reducing species CH

3
/CH
2
present in the TNT/RDX

molecule with the adsorbed oxygen (O−ads) at elevated
temperature results in the release of free electrons (e−),
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Figure 14: Sensing and recovering response for TNT: (a) ZnO nanorods (NRs) film F1 and (b) ZnO nanopolypods (NPPs) film F2.

Table 2: Comparison table of sensitivity (𝑆%) and recovery time (𝑡) for films F1 and F2 for oxygen.

Temperature (∘C) ZnO nanorods (NRs) (F1) ZnO nanopolypods (NPPs) (F2)
Percentage of sensor sensitivity (𝑆%) Recovery time (min) Percentage of sensor sensitivity (S%) Recovery time (min)

100 45.4 13.5 25 15.5
150 38.8 5.65 33.5 4.5
200 20.2 2.75 17.7 1.4
250 34.6 0.85 14 0.6
300 28.2 0.95 — —

therefore reducing the resistance of ZnO nanostructure film.
For the experiment 0.2mg quantity of TNT grains/RDX
powder was used for explosive sensing using samples S1
and S2. Additionally, after placing TNT/RDX powder inside
the airtight glass chamber, 0.2 BHP rotary suction pump
connected to the chamber base was run for 10min to drain
out atmospheric air from the chamber to create vacuum of
∼220mm of Hg pressure below atmosphere. As the vapor
pressure of target explosives is very low, the use of vacuum
condition for the experiment might have been useful in
improving sensor sensitivity to detect low vapour pressure
TNT/RDX explosive molecules available inside the airtight
chamber.

5.2. Effect of Temperature on Sensor Response for TNT and
RDX. Figure 12 shows the sensor response of film F1 in the
presence of TNT and RDX in the temperature range from
30∘C to 210∘C. The sensitivity (𝑆) of sensor was found to
decrease gradually with temperature from 30∘C to 157∘C in
the presence of TNT and from 30∘C to 172∘C in the presence
of RDX and then nearly stabilize with higher temperature.

The decrease in sensitivity response with the increase in
temperature indicates the rate of desorption of reducing gas
species present in TNT and RDX as per (6).This results in the
increase of conductivity or the decrease of resistance, while in
the stabilized region, the activation energy may be enough to
complete the chemical reaction.

5.3. Sensor Recovery Analysis for TNT/RDX. The response
of films F1 and F2 to a quantity of 0.2mg of RDX/TNT as
explosive source placed for 30min inside an airtight chamber
and thereafter recovery in air were measured at different
temperatures of 100∘C, 150∘C, and 200∘C. Figures 13(a), 13(b),
14(a), and 14(b) show the sensing and recovery time plots
for films F1 and F2 in the presence of RDX and TNT,
respectively. The sensitivity (𝑆) for both samples decreased
during exposure to RDX/TNT over a period of 30min
at different temperatures due to desorption process of the
reducing gas species present in RDX/TNT. After 30min, the
recovery time was found to decrease with the increase in
operation temperature. Tables 3 and 4 show the comparison
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Table 3: Comparison table of sensitivity (𝑆%) and recovery time (𝑡) for films F1 and F2 for RDX.

Temperature (∘C) ZnO nanorods (NRs) (F1) ZnO nanopolypods (NPPs) (F2)
Percentage of sensor sensitivity (S%) Recovery time (min) Percentage of sensor sensitivity (S%) Recovery time (min)

100 54.16 11 31.42 15.7
150 49.54 3.55 37.2 7.25
200 28 1.75 21 2.4

Table 4: Comparison table of sensitivity (𝑆%) and recovery time (𝑡) for films F1 and F2 for TNT.

Temperature (∘C) ZnO nanorods (NRs) (F1) ZnO nanopolypods (NPPs) (F2)
Percentage of sensor sensitivity (S%) Recovery time (min) Percentage of sensor sensitivity (S%) Recovery time (min)

100 41.62 17.5 42 12.75
150 51.9 7.5 36 2.9
200 13.4 2.25 10.3 1.5

of sensitivity (𝑆%) and recovery time (𝑡) of films F1 and F2 for
both RDX and TNT explosives.

6. Conclusions

Uniform array of aligned ZnO NRs with diameter of about
3100–150 nm and length of 0.5–1𝜇m and ZnO NRs/NPPs
with pod diameter of about 150–200 nm and length of about
1.5–2𝜇m were grown on glass substrates with microwave-
assisted wet chemical synthesis (with capping and without
capping agents). Use of triethanolamine as capping agent
has resulted in the additional growth of ZnO NPPs. The
structural analysis showed hexagonal wurtzite structure of
ZnO nanostructure with planes highly oriented along (002)
direction.The sensing study of ZnONRs andZnONRs/NPPs
samples showed that the sensor response (𝑆) increases with
temperature for both LPG and oxygen, while with the
increase in gas concentration from 0.2 to 0.4 vol%, the sensor
response increases gradually and attains saturation for LPG,
while for oxygen, the response was found to be linear with
the increase in gas concentration.The sensor sensing and the
recovery time analysis showed that the recovery time reduces
with the increase in operation temperature for both gas
and explosives. The recovery time of both samples has been
found to be the least at the operation temperature of 250∘C
for LPG/oxygen and 200∘C for TNT/RDX. Additionally the
recovery time achieved for LPG at 0.4 vol% concentration in
this study is much lesser than that previously reported for
ZnO thin film with much higher LPG concentration. The
present work shows that both ZnO NRs and ZnO NRs/NPPs
have excellent potential for both gas and explosive sensing
applications.
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