
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

8 
M

ay
 2

01
9.

 D
ow

nl
oa

de
d 

on
 1

0/
19

/2
02

5 
8:

31
:1

3 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Effect of vanadiu
aNanosensor Research Laboratory, Departm

Hyderabad, India 501401. E-mail: nagaraju
bDepartment of Physics, Osmania University
cUGC-DAE-CSR, Indore, Madhyapradesh, In

Cite this: RSC Adv., 2019, 9, 16515

Received 28th March 2019
Accepted 13th May 2019

DOI: 10.1039/c9ra02356a

rsc.li/rsc-advances

This journal is © The Royal Society of C
m pentoxide concentration in
ZnO/V2O5 nanostructured composite thin films for
toluene detection

P. Nagaraju, *a Y. Vijayakumar,a M. V. Ramana Reddyb and U. P. Deshpandec

ZnO/V2O5 nanocomposite thin films were synthesised by the spray pyrolysis technique with optimised

deposition parameters by varying the concentration of vanadium pentoxide. The X-ray diffraction results

showed that the ZnO/V2O5 nanocomposite thin films have a Wurtzite-type hexagonal ZnO structure. We

attained crystal phases at all concentrations. These results indicated that the two crystal phases of pure

zinc oxide and vanadium pentoxide exist together within the composite thin film matrix. The

morphology was investigated with field emission scanning electron microscopy and transmission

electron microscopy (TEM). The microstructures of the deposited thin films were confirmed by Raman

spectroscopy. The optical characterizations of the prepared samples were investigated by using a UV-vis

spectrophotometer. X-ray photoelectron spectroscopy (XPS) was carried out to confirm the oxidation

states of the elements existing on the surface of the composite thin films. The gas-sensing properties of

the composite thin films towards toluene gas were studied at the temperature of 27 �C. The sensing

mechanism for toluene gas was reported; the response and recovery times were determined from the

transient response curve and were found to be 24 s and 28 s, respectively, for the optimised composite film.
1. Introduction

Metal oxide semiconductors are considered as the most
important potential candidates due to their versatile applica-
tions in solar cells and different transducers such as quartz
crystal microbalances, surface acoustic wave (SAW) devices, and
photodetectors as well as electronic, optoelectronic, spintronic
and chemiresistive gas sensor devices.1–3 Among all metal
oxides, zinc oxide (ZnO) is a versatile material with a Wurtzite-
type structure; it possesses great and distinctive characteristics
including a large band gap (3.4 eV), a thermodynamically stable
phase and large exciton binding energy, and low toxicity,4 due to
which it is a exible material for many industrial and gas
sensing applications. Apart from ZnO, vanadium pentoxide
(V2O5) is also a very useful semiconductor oxide material, which
is used as an oxidising agent and amphoteric oxide material for
industrial applications. It is a major compound of vanadium; it
is a primary precursor to the alloys of vanadium and is exten-
sively used as an industrial catalyst.5,6 The production of
composite materials is an essential technique to control the
applications of semiconductors. The preparation of composite
materials with two transition metal oxide semiconductors pos-
sessing different energy band gap values provides an approach
ent of Physics, CMR Technical Campus,
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to attain more efficient charge separation, an increased lifetime
of the charge carriers and an increased interfacial charge
transfer to the adsorbed species, thereby enhancing their gas-
sensing properties.7 These materials have many advantages in
comparison to other materials; the nanowire composite anodes
may exhibit a comparable electrochemical performance. A layer-
by-layer technique based on the electrostatic attraction between
the charged species has been widely used to synthesize poly-
meric multicomposites, inorganic and hybrid hollow spheres,
polymer nanotubes and core–shell nanostructures.8 Composite
metal oxides manifest various types of morphologies, leading to
different properties; thus, they nd many further applications
such as in lithium-ion batteries, dye-sensitized solar cells,
photocatalysis, and gas sensing. Various preparation tech-
niques offer the probability of preparing numerous inherent
compounds, which can enable the synthesis and provide a basis
for nanostructure-sensitive thin lms. Manymethods have been
employed to deposit composite and pure ZnO thin lms, and
these include pulsed laser deposition, electron beam evapora-
tion, RF-magnetron sputtering and spray pyrolysis.9–12 Among
these methods, spray pyrolysis is an easy and low-cost tech-
nique. This technique has been extensively studied for the
deposition of hard and durable materials for large-area appli-
cations. The combinations of structural, optical, electrical and
chemical properties have been attained in nanocomposite thin
lms prepared by the spray pyrolysis technique by varying the
deposition parameters. In fact, the stoichiometry and
RSC Adv., 2019, 9, 16515–16524 | 16515
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morphology of the nanocomposite thin lms can be tailored to
suit a distinct application.

Gas sensors are electronic devices that are fabricated to
detect the concentration of toxic gases existing in the environ-
ment. Gas sensors play an important role in many technological
elds, e.g., fuel emission, industry control, household security,
and environmental pollution monitoring.13–15 Nowadays, gas
sensors are very popular and are used in chemical laboratories,
hospitals, industries, and almost every technical installation. In
the recent past, different types of gas-sensing materials were
designed depending on various sensing elements and trans-
duction principles. Among all these materials for gas sensing,
chemiresistive composite metal oxide semiconductors are the
most promising materials for the detection of low concentra-
tions of hazardous volatile organic compounds (VOCs). Among
VOCs, toluene is a colourless organic compound with low
vapour pressure and it is the most signicant pollutant in the
environment. As per the recommendations of the Occupational
Safety and Health Administration (OSHA), the permissible
exposure limit (PEL) for toluene is 100 ppm of the short time
exposure limit. It is found to be associated with nasopharyngeal
cancer, asthma, and multiple subjective health issues. Also,
toluene can be considered as a very important biomarker for
lung cancer.16

To the best of our knowledge and belief, this is the rst
attempt to investigate ZnO/V2O5 nanocomposite thin lms
deposited using the spray pyrolysis technique for the detection
of toluene at a temperature of 27 �C.
2. Experimental techniques

Pure ZnO and ZnO/V2O5 composite thin lms were deposited
onto pre-cleaned microscope glass substrates (Blue star, India)
using the spray pyrolysis technique (HO-TH-04BT, Holmarc
India). For the pure ZnO (ZV0) thin lms, zinc acetate dihydrate
(Sigma-Aldrich, 99% purity) was dissolved in deionised water to
obtain 0.1 M concentration, and few drops of acetic acid were
added to obtain a clear and stable solution. For the deposition
of the lms, compressed and ltered air was used to atomise the
solution with a ow rate of 1 mL min�1 for 15 min. The
substrate temperature was xed at 425 �C and was maintained
within� 3 �C by using a temperature controller, and the nozzle-
substrate distance (NSD) was maintained at 25 cm. For the
composite lms, a V2O5 precursor solution was prepared with
ammonium vanadate (Sigma Aldrich, 99%) in deionised water.
The solution of the composites was prepared by adding the
precursors ZnO and V2O5 at molar ratios of 90 : 10 (ZV1), 80 : 20
(ZV2), and 70 : 30 (ZV3), and the other deposition conditions
were the same as those of the pure lms.
2.1. Characterization techniques

The thicknesses of all thin lms were measured using a weight
balance method, which has been discussed elsewhere.17 The
structural properties of the pure and composite thin lms were
analysed by using a grazing incidence X-ray diffraction system
(Brucker D8-Discover X-ray diffractometer) with Cu Ka radiation
16516 | RSC Adv., 2019, 9, 16515–16524
(l ¼ 0.15418 nm) in the range of 20–80� with 1� min�1 as the
scanning speed. Raman spectra were recorded in the Raman
shi range of 100–1000 cm�1 with backscattering geometry
using a 9 mW semiconductor diode laser (473 nm) as an exci-
tation source. Transmission electron microscopy (TEM) was
performed using TEM model FEI TECNAI G2 S-Twin with an
operating voltage of 200 kV. The TEM studies were executed in
both the diffraction and image modes. The surface morphology
of the composite thin lm samples was investigated by eld
emission scanning electron microscopy (FESEM) and the
elemental analysis of the lm was carried out with energy
dispersive X-ray analysis (EDAX) using FEI NoVa NanoSEM 450
operated at 18 kV. Compositional analysis was performed using
a Bruker-made X-Flash 6130 EDS attachment and Esprit so-
ware. The optical transmittance was determined using an
ultraviolet-visible-near-infrared (UV-vis-NIR) double-beam
spectrophotometer (PerkinElmer, USA, Lambda 950) by scan-
ning wavelengths in the range of 300 nm to 1000 nm with a step
size of 2 nm. X-ray photoelectron spectroscopy studies were
performed on an Omicron energy analyzer (EA-125) with Al Ka
radiation, and photon energy of 1.486 keV was used as the X-ray
source at operating conditions of 15 kV and 10 mA.
2.2. Gas sensing measurements

We prepared 1 cm � 1 cm thin lms on a glass substrate for gas
sensing measurements. Electrical contacts were made by
pasting high pure silver paste and drying in a hot air oven at
150 �C for one hour. The measurements were obtained in the
static mode using a custom-made air-sealed stainless-steel gas-
testing chamber of 5 L volume containing a thermocouple,
heater and probes along with an electrometer (Keithley 6517B,
USA). The desired concentration of toluene solution was injec-
ted into the test chamber using a micro syringe. The response
(S) of the test gas was calculated using the relation S ¼ Ra/Rg,
where Ra is the resistance in the dry air atmosphere and Rg is the
resistance in the presence of the test gas.18 We maintained the
relative humidity in the chamber at 60% using a digital
humidity controller (Humitherm, India) during the gas sensing
measurements.
3. Results and discussion
3.1. X-ray diffraction (XRD)

The crystal structure, orientation and phase purity of pure ZnO
and ZnO/V2O5 composite thin lms were analysed by using X-
ray diffraction, as shown in Fig. 1. The results show that the
crystallinity of the lms varies depending on the molar
concentration of vanadium pentoxide. From the XRD spectrum,
it is clear that all the lms are polycrystalline in nature. The
polycrystalline zinc oxide peaks in the patterns were identied
as (100), (002), (101), (102) and (110), whereas the vanadium
pentoxide peaks were identied as (100), (010) and (020). These
peaks are in accordance with the values of JCPDS le number
089-0510 for zinc oxide and 00-053-0538 for vanadium pent-
oxide. It is known that if vanadium pentoxide is incorporated
into the ZnO crystal lattice, the XRD peaks may shi by a small
This journal is © The Royal Society of Chemistry 2019
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Fig. 1 X-ray diffraction patterns of pure ZnO and ZnO/V2O5

composites.
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angle due to the radius mismatch of the vanadium ion (0.059
nm) and zinc ion (0.074 nm). We observed that the XRD peaks
did not shi, which indicated the formation of ZnO/V2O5

composites. In the composite thin lms, zinc oxide and vana-
dium pentoxide exhibited hexagonal wurtzite and ortho-
rhombic structures, respectively. The intensity of the (002)
plane of the ZV0 sample was maximum; also, for the ZV1
sample, its intensity decreased and aer that, it slightly
increased for ZV2 and ZV3 samples, indicating the growth along
this phase. The introduction of vanadium pentoxide at a given
substrate temperature may obstruct the crystallization and
crystal growth of zinc oxide. The lattice constants (a and c) of
different crystal planes (hkl) were determined using the
following equation.19 The lattice constants of all the samples are
tabulated in Table 1.

1

dðhklÞ
2
¼ 4

3

�
h2 þ k2 þ l2

a2

�
þ l2

c2
(1)

The crystallite sizes of all the samples were determined with
the Scherrer's formula20 using the almost intense peak (002),
where the crystal sizes were between 31.52 nm and 22.05 nm as
the molar concentration of V2O5 increased.

Crystallite size ðDÞ ¼ kl

b cos q
(2)
Table 1 Structural parameters of pure ZnO and ZnO/V2O5 composites

S. no Sample
Lattice constant
‘c’ (nm)

Lattice constant
‘a’ (nm)

1 ZV0 0.524 0.332
2 ZV1 0.525 0.331
3 ZV2 0.524 0.332
4 ZV3 0.522 0.332

This journal is © The Royal Society of Chemistry 2019
Here, l is the X-ray wavelength (0.15418 nm), k is a constant,
which is equal to 0.94, b is the peak full-width at half maximum,
and q is the peak position. The calculated crystallite sizes of all
samples are tabulated in Table 1.

The strain and dislocation densities of the pure and
composite thin lms were determined using the following
relations:

Strain ð3Þ ¼ b cos q

4
(3)

Dislocation density ðdÞ ¼ 1

ðcrystallite sizeÞ2 (4)

3.2. Raman spectroscopic analysis

Raman spectroscopy is a non-destructive sophisticated tech-
nique for analysing composite materials and for extracting
useful information on the properties of nanostructures. For the
V0 sample, the Raman spectrum shows a vibrational mode at
378 cm�1 related to E1 (TO) and a vibrational mode at 437 cm�1

related to E2 as well as transverse oscillation (TO) at 988 cm�1;21

these correspond to the bands characteristic to the hexagonal
wurtzite structure belonging to the space group C6v

4 with two
formula units per primitive cell of zinc oxide. The vibrational
mode at 579 cm�1 is due to the longitudinal optical (LO)
phonon mode of zinc oxide having E1 symmetry. For the V1, V2,
V3 samples, the mode at 265 cm�1 corresponds to the V–O–V
bending mode and also, the other modes at higher wave-
numbers of 852 cm�1 and 954 cm�1 conrm the composite
formation of ZnO/V2O5 thin lms (Fig. 2).

3.3. Transmission electron microscopy studies

Transmission electron microscopy (TEM) is used to investi-
gate the microstructural properties of composite thin lms
such as crystallite size, crystal structure, morphology, defects
in the material, crystal phases and composition. It enables
the determination of the interplanar spacing, d, from the
rings of the selected area electron diffraction (SAED) pattern.
Fig. 3 depicts the transmission electron microscopy (TEM)
images of the pure and composite thin lms, which clearly
indicate the presence of two different materials in the
composite matrix. Fig. 4 shows the selected area electron
diffraction (SAED) patterns of the nanostructured ZnO/V2O5

composite thin lms. The diffraction patterns consist of
concentric rings, which imply polycrystalline nature with
Crystallite
size (D) (nm)

Dislocation density
(d) (�10�3 nm3) Strain (�10�3)

22.056 2.055 1.640
22.051 2.056 1.641
24.510 1.664 1.476
31.520 1.006 1.148

RSC Adv., 2019, 9, 16515–16524 | 16517
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Fig. 2 Raman spectra of pure ZnO and ZnO/V2O5 composites.
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distinct (100), (002), and (101) planes of the pure ZV0 sample
and also the (100) plane, corresponding to vanadium oxide,
for all other composite samples; these results are in agree-
ment with the X-ray diffraction observations. The interplanar
Fig. 3 Transmission electron microscopy images of (a) ZV0, (b) ZV1, (c)

16518 | RSC Adv., 2019, 9, 16515–16524
spacing, d, can be determined using the following equation,22

and the corresponding values are tabulated in Table 2:

Interplanar spacing ðdÞ ¼ Ll

R
(5)

Here, L is the length of the camera, which is equal to100 mm, l
is the electron wavelength, and R is the radius of the ring; it is
measured from the central bright. For an operating voltage of
200 kV, the corresponding electron wavelength is 0.0027 nm.
The determined values of interplanar spacing (d) from the
above eqn (5) match well with those of the X-ray diffraction
studies.
3.4. Optical properties

Fig. 5 shows the optical absorption spectra of pure ZnO and
ZnO/V2O5 composite thin lms. An absorption edge at about
383 nm is only observed for the ZV0 sample, which is charac-
teristic of zinc oxide. An absorption edge slightly increases from
360 nm to 367 nm as the V2O5 concentration increases. This
result is consistent with the XRD observations. The band gaps of
nanostructured pure ZnO and ZnO/V2O5 composite thin lms
were determined using the following Tauc formula:23

ahn ¼ B(hv � Eg) (6)
ZV2, and (d) ZV3.

This journal is © The Royal Society of Chemistry 2019
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Fig. 4 SAED images of (a) ZV0, (b) ZV1, (c) ZV2, and (d) ZV3.
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Here, a ¼ absorption coefficient, n ¼ frequency of the photon, h
¼ Planck constant, Eg ¼ optical band gap.

The plots of (ahn)2 versus the energy of the photon (hn) of
pure ZnO and ZnO/V2O5 composite thin lms are depicted in
Fig. 6. The band gap (Eg) was determined by extrapolating the
Fig. 5 Absorbance spectra of pure ZnO and ZnO/V2O5 composite thin
films.

This journal is © The Royal Society of Chemistry 2019
linear portions to the horizontal photon energy axis.24,25 The
calculated optical band gaps of the pure ZnO and ZnO/V2O5

composite thin lms are tabulated in Table 3. The band gap
decreased as the concentration of vanadium pentoxide
increased. The decrease in the bandgap suggests that a small
amount of vanadium ion impurities is incorporated in the V2O5

and (or) ZnO layers and the thickness of the lm decreased on
increasing the concentrations of vanadium pentoxide.
3.5. Field emission scanning electron microscopy (FESEM)
and energy-dispersive X-ray spectroscopy (EDX) analyses

The FESEM analysis, grain formation and EDX spectra of the
ZV3 composite thin lms are depicted in Fig. 7. It is clear from
Table 2 Interplanar spacings (d) of pure ZnO and ZnO/V2O5

composites

S. no Sample

Interplanar spacing d100 (nm)

From XRD studies From TEM studies

1 ZV0 0.28 0.31
2 ZV1 0.27 0.30
3 ZV2 0.28 0.27
4 ZV3 0.28 0.28

RSC Adv., 2019, 9, 16515–16524 | 16519
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Fig. 6 Tauc plots of pure ZnO and ZnO/V2O5 composite thin films.

Table 3 Optical bandgaps of pure ZnO and ZnO/V2O5 composite thin
films

S. no Sample
Thickness of the
lm (nm)

Optical band
gap (eV)

1 ZV0 275 3.12
2 ZV1 250 3.09
3 ZV2 228 3.03
4 ZV3 212 2.97

Fig. 7 FESEM and EDX analyses of the ZnO/V2O5 composite thin films.

16520 | RSC Adv., 2019, 9, 16515–16524
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the gure that the sizes of the grains are found to be less than
30 nm; the surface morphologies are more compact and
continuous with the presence of closely packed particles, which
might be due to the attraction between the V2O5 and ZnO
particles. Hence, it may not affect the mobility of electrons
travelling between the grains.26 Large agglomerated grains were
homogeneously distributed with good adhesion to the
substrates. The EDX spectra elucidate that the synthesized
composite thin lm exhibits the presence of Zn, V, and O only.
No other remarkable impurities were observed.
3.6. X-ray photoelectron spectroscopy (XPS)

XPS is a surface-sensitive characterization technique, which
is adopted to measure the electronic state, elemental
composition and chemical bonding of a composite thin lm.
The distinctive binding energy (eV) peaks matching with all
the elements present in the sample, i.e., Zn, V and O were
observed in the survey spectrum. The full scan survey spec-
trum of the ZnO/V2O5 (ZV3) composite is shown in Fig. 8. In
the current investigation, the ZnO/V2O5 composite thin lm
has V 2p3/2 peak position at 516.65 eV with a DE value of
14.35 eV, exhibiting a shi to a lower binding energy. The
lower binding energy of V 2p3/2 and the increase in the DE
value specify the chemical state variation of the V2O5

compound.27 It is therefore considered that the shi origi-
nates from the interfacial diffusion of vanadium atoms into
the ZnO lm since it is known that ZnO is capable of
This journal is © The Royal Society of Chemistry 2019
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Fig. 8 Full XPS survey spectra of ZnO/V2O5 composite thin films.

Fig. 9 X-ray photoelectron spectrum of Zn 2p.

Fig. 10 X-ray photoelectron spectra of V 2p and O 1s.

Fig. 11 Schematic illustration of the toluene sensing mechanism of
the ZnO/V2O5-based sensors.

Fig. 12 Gas sensing performances of pure ZnO and ZnO/V2O5

composite thin films.
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accommodating interstitial vanadium ions.28,29 Fig. 9 depicts
the X-ray photoelectron spectroscopy results of the Zn 2p
state. The peak existing at the binding energy of 1021.19 eV
This journal is © The Royal Society of Chemistry 2019
conrms that Zn is in the form of Zn2+.30 Fig. 10 shows the
tted X-ray photoelectron spectroscopy results for V 2p and O
1s. The peak position of O 1s is at 530.10 eV, indicating the
main chemical oxidation states of the lattice oxygen in the
ZnO/V2O5 composite thin lm.31
3.7. Gas sensing characteristics

Due to the catalytic behaviour of ZnO for toluene, the ZnO/V2O5

composites could enhance the sensitivity of the sensor towards
toluene. The sensing mechanism of chemi-resistive gas sensors
mainly depends on the change in electrical resistivity contrib-
uted by interactions between the surface of the sensor and test
gases. In detail, when the ZnO/V2O5 composite sensing element
was exposed to air, adsorbed oxygen molecules captured elec-
trons from the surface of the sensor; hence, chemi-adsorbed
oxygen species were generated. These chemi-adsorbed oxygen
species resulted in the formation of a depletion layer at the
grain boundaries. Also, when the composite sensors were
exposed to a toluene gas atmosphere, the toluene molecules
were adsorbed onto the composite thin lm surface. The
reductive toluene vapours reacted with the chemically adsorbed
RSC Adv., 2019, 9, 16515–16524 | 16521
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Fig. 13 Responses of ZnO/V2O5 composite film to different
concentrations of toluene at 27 �C.
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oxygen ions, promoting the captured electron transition in the
sensing mechanism.32 This process can be explained as follows:

C6H5CH3 + O2� / C6H5CHO� + H2O + e�

C6H5CHO� / C6H5CHO + e�

The reduction and oxidation reactions led to decrease in the
electrical potential across the depletion layer and then, decrease
Fig. 14 Transient response curve of the ZnO/V2O5 composite thin films.

Table 4 Response/recovery times of different composite materials tow

S. no Materials Temperature (�C)

1 Au/ZnO nanoparticles 377
2 Co3O4 nanorods 200
3 Fe2O3/SnO2 nanowires 90
4 ZnFe2O4 nanospheres 300
5 ZnO/V2O5 thin lms 27

16522 | RSC Adv., 2019, 9, 16515–16524
in the resistance of the composite sensor was observed. A typical
toluene sensing mechanism is shown in Fig. 11.

The responses of pure ZnO and different molar concentra-
tions of ZnO/V2O5 composite thin lms towards toluene were
measured at a temperature of 27 �C. From Fig. 12, it is clear that
the response towards toluene is notably improved by the addi-
tion of V2O5 to the ZnO thin lm. The composite thin-lm
sensor ZV3 showed the highest response, which can be attrib-
uted to the increase in the molar concentration of vanadium
pentoxide in the composite matrix. This led to enhancement in
the chemically adsorbed oxygen, consequently leading to an
increase in the electron carrier concentration, which is bene-
cial to enhance the gas sensing properties of the composite
sensor.33 The results for the ZV3 sample showed that the
vanadium pentoxide content should be optimised to acquire
the best toluene-sensing properties in the ZnO/V2O5 thin lm.
Fig. 13 depicts the dynamic responses towards the ZV3 sample
with different concentrations of toluene at 27 �C. The responses
of the ZV3 sample increased obviously with the increase in
toluene concentration in the range of 100–400 ppm and
exhibited good linearity with the increase in toluene concen-
tration. This linear correlation of the sensitivity and concen-
tration suggests that the ZV3 sample can sense toluene gas for
many applications.34

Fig. 14 shows the transient response of the ZnO/V2O5

composite sensor at a concentration of 400 ppm of toluene at
the temperature of 27 �C. The response time is described as the
time needed for attaining 90% of the baseline resistance aer
the test gas exposure, and the recovery time is described as the
time required for the sensor to return its resistance to 10% of
the baseline resistance aer the test gas is removed. The ZnO/
V2O5 composite is an n-type semiconductor; hence, in the
presence of a reducing gas, the sensor resistance decreased to
an equilibrium value and returned to the baseline value aer
ventilating the test gas.35 From the transient response curve, it is
found that the response and recovery times are 23 s and 28 s,
respectively. For majority of the sensors, the response time is
quicker in comparison with the recovery time. This may be due
to the crystallite size and surface morphology of the composite
lm sensor. In the present investigation, the smaller response
time might be due to the faster reaction rate between the crys-
tallites on the surface of the thin composite lms, which can
result in the adsorption of a large number of oxygen molecules,
consecutively producing a faster response at the point of the gas
inlet. The response and recovery times of different composite
materials reported in the literature towards toluene are
ards toluene

Response time (s) Recovery time (s) Ref.

NA 300 36
90 55 37
20 15 38
20 30 39
23 28 Present work

This journal is © The Royal Society of Chemistry 2019
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tabulated in Table 4. It is clear that our composite sensor shows
a good response at 27 �C.
4. Conclusions

ZnO/V2O5 composite thin lms were deposited using the spray
pyrolysis technique by varying the concentration of V2O5 with
optimised deposition parameters. All the lms were poly-
crystalline in nature, and the crystallite size increased with the
increase in the V2O5 concentration. Raman spectra also sug-
gested the formation of ZnO/V2O5 composites with a Wurtzite
phase. The chemical states and the electronic structure of the
composite thin lms were examined by X-ray photoelectron
spectroscopy, which indicated the presence of vanadium ions in
the ZnO composite matrix. The toluene-sensing properties of
the ZnO/V2O5 composite thin-lm sensors were examined, and
the effect of V2O5 concentration in ZnO was discussed. The ZV3
sensor showed the best response towards toluene at 27 �C than
the other composite thin-lm sensors. The response and
recovery times of the ZV3 sensor were determined and reported.
The present results show that the ZnO/V2O5 composite thin
lms are potential materials to detect toluene gas.
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and A. Bieganowski, Application of Gas Sensor Arrays in
Assessment of Wastewater Purication Effects, Sensors,
2015, 15(1), 1–21.

15 Y. Liu, P. Joseph, X. Sun and Y. Lei, Solid-state gas sensors
for high temperature applications – a review, J. Mater.
Chem. A, 2014, 2, 9919–9943.

16 M. Ali, J.-H. Kim, H. W. Kim and S. S. Kim, Resistive-based
gas sensors for detection of benzene, toluene and xylene
(BTX) gases: a review, J. Mater. Chem. C, 2018, 6, 4342–4370.

17 P. Nagaraju, Y. Vijayakumar, G. L. N. Reddy andM. V. Reddy,
ZnO wrinkled nanostructures: enhanced BTX sensing, J.
Mater. Sci.: Mater. Electron., 2018, 29, 11457–11465.

18 I. Muniyandi, G. Kumar Mani, P. Shankar and
J. B. B. Rayappan, Effect of nickel doping on structural,
optical, electrical and ethanol sensing properties of spray
deposited nanostructured ZnO thin lms, Ceram. Int.,
2014, 40, 7993–8001.

19 P. P. Sahaya and R. K. Nath, Al-doped ZnO thin lms as
methanol sensors, Sens. Actuators, B, 2008, 134, 654–659.

20 K. Karthik, S. Dhanuskodi, C. Gobinath and
S. Sivaramakrishnan, Microwave-assisted synthesis of
CdO–ZnO nanocomposite and its antibacterial activity
RSC Adv., 2019, 9, 16515–16524 | 16523

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c9ra02356a


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

8 
M

ay
 2

01
9.

 D
ow

nl
oa

de
d 

on
 1

0/
19

/2
02

5 
8:

31
:1

3 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
against human pathogens, Spectrochim. Acta, Part A, 2015,
139, 7–12.

21 S. Kumar, M. Gupta, V. Sathe, T. Shripathi, D. M. Phase and
B. Das, Study of the structural phase transformation, and
optical behavior of the as synthesized ZnO–SnO2–TiO2

nanocomposite, Phase Transitions, 2015, 1–15.
22 G. Kaurn, A. Mitra and K. L. Yadav, Pulsed laser deposited Al-

doped ZnO thin lms for optical applications, Prog. Nat. Sci.:
Mater. Int., 2015, 25, 12–21.

23 P. Nagaraju, Y. Vijayakumar, D. M. Phase, R. J. Choudary and
M. V. Ramana Reddy, Microstructural, optical and gas
sensing characterization of laser ablated nanostructured
ceria thin lms, J. Mater. Sci.: Mater. Electron., 2016, 27,
651–658.

24 A. Djelloul, M. Adnane, Y. Larbah, T. Sahraoui, C. Zegadi,
A. Maha and B. Raha, Effect of Annealing on the Properties
of Nanocrystalline CdS Thin Films Prepared by CBD
Method, J. Nano- Electron. Phys., 2015, 7(4), 4045–4049.

25 C. Nassiri, A. Hadri, F. Z. Cha, A. El Hat, N. Hassanain,
M. Rouchdi, B. Fares and A. Mzerd, Structural, Optical and
Electrical Properties of Fe Doped SnO2 Prepared by Spray
Pyrolysis, J. Mater. Environ. Sci., 2017, 8(2), 420–425.

26 C. M. Firdaus, M. S. B. Shah Rizam, M. Rusop and
S. Rahmatul Hidayah, Characterization of ZnO and ZnO:
TiO2 Thin Films Prepared by Sol–Gel Spray–Spin Coating
Technique, Procedia Eng., 2012, 41, 1367–1373.

27 R. Saravanan, V. K. Gupta, E. Mosquera, F. Gracia,
V. Narayanan and A. Stephen, Visible light induced
degradation of methyl orange using b-Ag0.333 V2O5

nanorod catalysts by facile thermal decomposition
method, J. Saudi Chem. Soc., 2015, 19, 521–527.

28 Silversmit, D. Depla, H. Poelman, G. B. Marin and R. De
Gryse, Determination of the V 2p XPS binding energies for
different vanadium oxidation states (V5+ to V0+), J. Electron
Spectrosc. Relat. Phenom., 2004, 135, 167–175.

29 C. W. Zou, Y. F. Rao, A. Alyamani, W. Chu, M. J. Chen,
D. A. Patterson, E. A. C. Emanuelsson and W. Gao,
Heterogeneous Lollipop-like V2O5/ZnO Array: A Promising
Composite Nanostructure for Visible Light Photocatalysis,
Langmuir, 2010, 26(14), 11615–11620.
16524 | RSC Adv., 2019, 9, 16515–16524
30 Y. T. Zhang, G. T. Du and X. Q. Wang, X-ray photoelectron
spectroscopy study of ZnO lms grown by metal–organic
chemical vapor deposition, J. Cryst. Growth, 2003, 252, 180.

31 N. Wang, X. Li, Y. X. Wang, Y. Hou, X. J. Zou and G. H. Chen,
Synthesis of ZnO/TiO2 nanotube composite lm by a two-
step route, Mater. Lett., 2008, 62, 3691.

32 W. Tang and J. Wang, Mechanism for toluene detection of
ower-like ZnO sensors prepared by hydrothermal
approach: Charge transfer, Sens. Actuators, B, 2015, 207,
66–73.

33 Q. Yang, Y. Wang, J. Liua, J. Liu, Y. Gao, P. Sun, J. Zheng,
T. Zhang, Y. Wang and G. Lu, Enhanced sensing response
towards NO2based on ordered mesoporous Zr-doped
In2O3with low operating temperature, Sens. Actuators, B,
2017, 241, 806–813.

34 F. Ren, L. Gao, Y. Yuan, Y. Zhang, A. Alqrni, O. M. Al-Dossary
and J. Xu, Enhanced BTEX gas-sensing performance of CuO/
SnO2 composite, Sens. Actuators, B, 2016, 223, 914–920.

35 B. Mondal, B. Basumatari, J. Das, C. Roychaudhury, H. Saha
and N. Mukherjee, ZnO–SnO2 based composite type gas
sensor for selective hydrogen sensing, Sens. Actuators, B,
2014, 194, 389–396.

36 K. Suematsu, K. Watanabe, A. Tou, Y. Sun and K. Shimanoe,
Ultraselective toluene-gas sensor: Nanosized gold loaded on
zinc oxide nanoparticles, Anal. Chem., 2018, 90, 1959–1966.

37 L. Wang, J. Deng, Z. Lou and T. Zhang, Nanoparticles-
assembled Co3O4 nanorods p-type nanomaterials: One-pot
synthesis and toluene-sensing properties, Sens. Actuators,
B, 2014, 201, 1–6.

38 T. Wang, Z. Huang, Z. Yu, B. Wang, H. Wang, P. Sun, H. Suo,
Y. Gao, Y. Sun, T. Li and G. Lu, Low operating temperature
toluene sensor based on novel a-Fe2O3/SnO2

heterostructure nanowire arrays, RSC Adv., 2016, 6, 52604–
52610.

39 C. Dong, X. Liu, X. Xiao, S. Du and Y. Wang, Monodisperse
ZnFe2O4 nanospheres synthesized by a nonaqueous route
for a highly selective low-ppm-level toluene gas sensor,
Sens. Actuators, B, 2017, 239, 1231–1236.
This journal is © The Royal Society of Chemistry 2019

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c9ra02356a

	Effect of vanadium pentoxide concentration in ZnO/V2O5 nanostructured composite thin films for toluene detection
	Effect of vanadium pentoxide concentration in ZnO/V2O5 nanostructured composite thin films for toluene detection
	Effect of vanadium pentoxide concentration in ZnO/V2O5 nanostructured composite thin films for toluene detection
	Effect of vanadium pentoxide concentration in ZnO/V2O5 nanostructured composite thin films for toluene detection
	Effect of vanadium pentoxide concentration in ZnO/V2O5 nanostructured composite thin films for toluene detection

	Effect of vanadium pentoxide concentration in ZnO/V2O5 nanostructured composite thin films for toluene detection
	Effect of vanadium pentoxide concentration in ZnO/V2O5 nanostructured composite thin films for toluene detection
	Effect of vanadium pentoxide concentration in ZnO/V2O5 nanostructured composite thin films for toluene detection
	Effect of vanadium pentoxide concentration in ZnO/V2O5 nanostructured composite thin films for toluene detection
	Effect of vanadium pentoxide concentration in ZnO/V2O5 nanostructured composite thin films for toluene detection
	Effect of vanadium pentoxide concentration in ZnO/V2O5 nanostructured composite thin films for toluene detection
	Effect of vanadium pentoxide concentration in ZnO/V2O5 nanostructured composite thin films for toluene detection
	Effect of vanadium pentoxide concentration in ZnO/V2O5 nanostructured composite thin films for toluene detection

	Effect of vanadium pentoxide concentration in ZnO/V2O5 nanostructured composite thin films for toluene detection
	Effect of vanadium pentoxide concentration in ZnO/V2O5 nanostructured composite thin films for toluene detection
	Effect of vanadium pentoxide concentration in ZnO/V2O5 nanostructured composite thin films for toluene detection


