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This work reports the fabrication of mixed structure of ZnO nanorod on SnO, thin
film via spray pyrolysis followed by thermal annealing and their gas sensing properties.
Zn0/SnO» nanostructures are successfully prepared on a gold interdigitated alumina
substrate by spraying varying mixed precursor concentrations of zinc acetate and tin
(IV) chloride pentahydrate solutions in ethanol and thermal annealing. The morphology
of the nanostructures is controlled by tailoring the Zn:Sn ratio in the precursor solution
mixture. Unique ZnO crystals and ZnO nanorods are observed under a field emission
scanning electron microscopy (FESEM) when the Zn/Sn ratio in the precursor solution
is in between 13:7 and 17:3 after thermal annealing. The fabricated nanostructures are
tested for ethanol, methane and hydrogen in air ambient for various gas concentrations
ranging from 25 to 400 ppm and the effect of fabrication conditions on the sensitivity
and selectivity are studied. Among the nanostructure sensors studied, the film fabricated
with molar ratio of Zn/Sn =3:1 shows better sensitivity and selectivity to ethanol due to
high sensing surface area of the nanorod. The response to 25 ppm ethanol is found to
be as high as 50 at an operating temperature of 400°C.

Keywords: spray pyrolysis, ZnO, nanorod, SnO,, thin film, gas sensor, ethanol, nanocomposite

INTRODUCTION

Gas sensors based on metal oxide nanostructures have been widely studied and used in applications
ranging from health and safety to emission control (Comini et al., 2002; Lin et al., 2015; Yao
et al., 2016; Kwak et al., 2018; Liu et al., 2019a). These sensors are attractive because of their
high sensitivity, low cost, simplicity and compatibility with modern electronic devices due to
direct electrical readouts (Miller et al., 2014). Until now, several metal oxides including TiO,,
In; 03, WO3, ZnO, TeO,, CuO, SnO;, and NiO are used in resistive-type metal oxide gas sensors
(Dey, 2018). However, these single metal oxide gas sensors generally have the disadvantage of low
sensitivity, high operating temperature, and poor selectivity between gases (Arafat et al., 2014).
Ethanol sensors are being used in numerous applications, such as, to monitor chemical
reactions, breath analysis, biomedical productions, and quality control of foods (Kolmakov et al.,
2003; Timmer et al., 2005). Augmented usage of ethanol increases the issues of explosion hazards
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(Powers et al., 2001) and ground-water pollution (Freitas et al.,
2010). Lower selectivity is one of the major drawbacks of
the metal oxide-based sensors for selective ethanol sensing
applications. Several approaches have been used to improve the
sensitivity and selectivity of single metal oxide-based ethanol
sensor. These include addition of noble metals (Chen et al., 2019;
Liu et al,, 2019b; ul Haq et al,, 2019) doping of metal oxide
catalyst (Park et al., 2015; NaderiNasrabadi et al., 2016; Lupan
etal, 2017; Tan et al,, 2018), developing composite metal oxides
consisting of binary or ternary phase metal oxide systems (Li
etal, 2019; Wangetal., 2019) and development of nanostructures
with different morphologies (Drobek et al., 2016; Wang et al,,
2018; Yang et al., 2018). Among the approaches used, tailoring
of composite metal oxides with different morphologies presents
a good potential for tuning the sensitivity and selectivity during
gas sensing. Many recent studies have shown that the selectivity
and operating temperature of resistive-type gas sensors can be
improved through the use of composite metal oxides (Andre
et al, 2019; He et al, 2019; Rong et al., 2019; Sakthivel and
Nammalvar, 2019).

The composite nanostructures of ZnO and SnO, received
special attention due to their unique electronic properties that are
keys for selective gas sensing. Stoichiometric nature of each varies
significantly and that leads to increase gas sensing potential of
the composite material. Generally SnO, has non-stoichiometric
nature below the substrate temperature of 450°C in spray
pyrolysis process (Amma et al., 2005), while ZnO has defects
in structure (Demir-Cakan et al., 2008). Due to this behavior,
chemisorption of oxygen is high on ZnO than on SnO;. SnO; also
enhances the desorption process in ZnO-nanorod/SnO;-thinfilm
gas sensors by transferring electron from SnO; to ZnO due to the
lower work function of the latter (Lu et al., 2012; Park et al., 2013).

ZnO/SnO; based nanostructures have been mostly
synthesized by a two-step fabrication process (Cheng et al.,
2009; Pan et al,, 2012; Park et al., 2013), and extensively used in
various applications such as, transparent electrode, photovoltaic,
light emitting diodes, field emission transistor and energy
harvesting due to their great potential properties (Wang and
Rogach, 2014; Rong et al, 2019). In our previous studies
(Tharsika et al, 2014a,b), we reported on the fabrication of
ZnO-SnO; thin films by spray pyrolysis on glass substrate and
studied the structural and optical properties of the films. We
observed the formation of ZnO nanorods for films sprayed
with Zn/Sn = 3:1 followed by thermal annealing at 350°C and
reported as short communication (Tharsika et al., 2015).

In this study, we investigate the role of Zn:Sn molar ratio on
the morphology of the nanostructures fabricated by the same
spray pyrolysis and thermal annealing method. A wide range of
precursor mixtures (Zn/Sn = 13:7, 14:6, 15:5, 16:4, and 17:3)
are tested and the aspect ratio of ZnO nanorod is investigated
in detail. We also fabricate solid state gas sensors using
the composite films on gold interdigitated alumina substrate
and their gas sensing properties toward number of reducing
gases such as, ethanol, methane and hydrogen are studied.
The selectivity toward ethanol for the ZnO/SnO, composite
sensor is studied for various molar ratio of the precursor
solution. A possible mechanism for the improved selectivity

along with higher sensitivity for 15Z5S nanostructure sensor
is suggested.

MATERIALS AND METHODS

Fabrication of ZnO/Sn0O,> Nanostructures
ZnO/SnO; nanostructures were deposited by spray pyrolysis
on gold interdigitated alumina substrates using zinc acetate
(Zn(C,H303)2) [98% purity, Sigma Aldrich-USA] and tin
(IV) chloride pentahydrate (SnCly.5H,0) [99.99% trace metals
basis, Sigma Aldrich-USA] solutions in absolute ethanol. The
detailed procedure was reported elsewhere (Tharsika et al.,
2014b). Briefly, the mixed precursor solutions were obtained
by adding proportional volumes of equimolar Zn(CyH30,),
and SnCly.5H,O solutions in ethanol with the volume ratios
of 13.7, 14:6, 15:5, 16:4, and 17:3. The mixed solution was
ultrasonicated for a minute and directly sprayed onto the
substrate by a spray gun using dry nitrogen as the carrier gas.
The substrate temperature was maintained at 350°C throughout
the spraying process and the number of spray was kept
as constant at 180 for all the samples. Finally, the sprayed
films were annealed at 350°C for 1h. The designation of
the deposited films is given in Table 1. For comparison of
gas sensing characteristics, ZnO and SnO, thin films were
also fabricated.

Characterizations of Nanostructures

X-ray diffraction patterns of ZnO/SnO; nanostructures
before and after annealing were determined using X-
ray diffractometer (XRD: Siemen D-5000 model) with a
monochromatic CuKa radiation (A = 0.15406nm) and
a Ni filter. The current and voltage were 40mA and 40
kV, respectively. The data were collected in the range of
20-80° (26), with a scanning step of 0.05°/s. The surface
morphology of the films was investigated by using a field-
emission scanning electron microscopy (FESEM: Auriga
Zeiss Ultra-60). Elemental composition was obtained at two
different places including on the nanorod and on the surface
of the underlying film using FESEM coupled with an energy
dispersive X-ray spectroscopy (EDX) with applied beam voltage
of 20 keV.

TABLE 1 | Volume of Zn and Sn ion in mixed precursor solution for different thin
films.

Film designation Volume in mixed precursor solution (ml)

ZI‘I(CzH3°2)2 SI‘IC|4.5H20
1327S 13 7
1476S 14 6
15758 15 5
16248 16 4
17238 17 3
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Gas Sensing Measurements

The fabricated nanostructures on printed Au interdigitated
alumina substrates were directly used as a gas sensor for
sensing measurements. The distance between the adjacent Au
fringes and fringe width were 200 and 100 um, respectively.
A gold wire (99.9% metal basis) with a diameter of 0.2 mm
was jointed to Au interdigitated electrode using conducting Au
paste to make the electrical connection between electrode and
gold wire.

The sensor was placed inside a horizontal tube furnace, and
sensing measurements were carried out for various target gases
such as ethanol, methane and hydrogen. The concentration of
the gases (25, 50, 100, 200, and 400 ppm) was controlled by
a digital mass flow controller. A mixture of 80% of nitrogen

As sprayed film

16248

FIGURE 1 | FESEM images of nanostructures fabricated with different molar
ratio of Zn and Sn in mixed precursor solution before thermal annealing (A)

13278, (B) 14Z6S, (C) 15Z5S, (D) 1624S, and (E) 17Z3S, and after thermal
annealing at 350°C for 1 h (F) 13Z7S, (G) 14Z6S, (H) 15Z5S, (I)1624S, and

(J) 17Z38.

and 20% of oxygen was used as the ambient to simulate the
air atmosphere inside the furnace. Measurements were done
by using a computer-controlled data acquisition system. The
resistance in air (R,) and in the presence of the test gases (Rg)
were recorded, and the sensitivity of the sensor was calculated
as Ra/Rg.

RESULTS AND DISCUSSION

Morphological Studies

Figure 1 shows the FESEM images of ZnO/SnO;nanostructures
sprayed with different Zn:Sn molar ratio in the precursor solution
of 13:7, 14:6, 15:5, 16:4, and 17:3 on alumina substrates before
and after thermal annealing. As seen in Figures 1A-E, all as-
sprayed films show flake like structures on the surface and
no evidences for nanorods or other nanostructures are found.
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FIGURE 2 | The XRD patterns of ZnO/SnO» nanostructures (A) before
thermal annealing (as-sprayed) and (B) after thermal annealing at 350°C.
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Similar morphology was reported for film sprayed using SnCly
precursor solution at spray temperature of 450°C (Korotcenkov
et al., 2001; Korotcenkov and Cho, 2009). The films after
thermal treatment show different morphology. This morphology
tends to contain hexagonal shaped nanostructures. Hexagonal
nanocrystals are observed in Figure 1F when the molar ratio
of Zn:Sn in precursor solution is 13:7, while for values above
13:7, the microstructural feature changes from nanocrystals to
nanorods (Figures 1G-I).

The size of the hexagonal nanocrystal is measured within the
range of 52-210nm for 13Z7S film and 43-85nm for 17Z3S
composite film, while the aspect ratio of nanorods (length
divided by width) is calculated as 4.5 (length [ = 450 nm and
diameter d = 100nm), 5.2 (I = 650nm, d = 125nm), and
3 (I = 1200nm, d = 400nm), for 14Z6S, 15Z5S, and 1674S
films, respectively. As we reported earlier, high aspect ratio of
ZnO nanorods was observed when the mass ratio of Zn:Sn in
the precursor solution was 3:1. Here, similar result with dense
structure is obtained for 15Z5S film after thermal annealing
(Figure 1H) when optimize the growth of ZnO by changing
various molar ratio of Zn/Sn in the precursor mixture. The
nanorod-like nanostructures start to disappear when the Zn:Sn
molar ratio is 13:7 and lower. These also seem to disappear
when the ratio is 17:3 and higher. The compact film and
porous film like structure are obtained when the molar ratio
of Zn:Sn in precursor solution is 12:8 and 18:2, respectively
(Supplementary Figure 1).

XRD Analysis

The crystal structure of sprayed thin films before and
after thermal annealing at 350°C is investigated by X-ray
diffractometer and the patterns are shown in Figure 2. No
sharp peaks are observed in the unannealed films regardless
of the molar ratio of Zn to Sn in the precursor solution
(Figure 2A). This indicates that the films are amorphous in
nature before thermal annealing. However, sharp diffraction
peaks corresponding to ZnO are observed in the sprayed mixed
films after thermal annealing at 350°C for 1h (Figure2B),
demonstrating the formation of well-crystalline ZnO nanorod.
This indicates that the crystalline structures formed during the
thermal annealing process. Formation of crystalline structures
during thermal annealing is also supported by FESEM with the
presence of nanostructures in the films after thermal treatment.
The diffraction peaks in Figure 2B at 20 values of 32, 34, 36,
47.5, 56, 63, 68, and 69 degree can be indexed as (100), (002),
(101), (102), (110), (103), (112), and (201) crystal planes of the
hexagonal wurtzite structure of ZnO (JCPDS No. 79-0208). The
XRD pattern of 13Z7S film shows weak ZnO peaks compared
to other XRD patterns observed for various Zn/Sn ratio. This
is due to low amount of zinc precursor used in the mixture
of Zn:Sn = 13:7 as compared to high amount of zinc used
in the mixture of Zn:Sn = 17:3. The intensity of XRD peaks
is increasing with increase of Zn precursor in the mixture.
Interestingly there are no pronounced peaks corresponding to
SnO; observed in any of the annealed mixed thin film. However,
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FIGURE 3 | The EDX spectra obtained at two different positions: (A) on the ZnO nanorod and (B) on the surface of the 15Z5S film.
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the EDX measurement shows that nanorods are composed of
ZnO, while the underlying film contains significant amount of Sn
as shown in Figure 3B. This can be attributed to the presence of
amorphous SnO; in the film. It is reported that the crystallization
temperature of spray deposited SnO, films are above 500°C. Patil
et al. (2011) reported that the sprayed films baked at 550°C
shows very small peaks corresponding SnO», indicating their
predominantly amorphous nature. So, it is suggested that the
SnO, remains amorphous at 350°C which is considerably lower
than the crystallization temperature of SnO, On the other hand,
researchers reported that the crystallization temperature of ZnO
films was 350°C or lower (Cho et al,, 1999; Lee et al., 2004).
From the FESEM images and XRD spectra, we can conclude that
the films contain crystalline ZnO nanostructures and amorphous
SnO; underlying film.
EDX spectrum obtained on the nanorod of the 15Z5S film
shows that nanorods are composed of ZnO (Figure 3A), while
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FIGURE 4 | (A) Time-dependent response recovery characteristics of various
Zn0/SnO» nanostructure sensors with different gas concentrations at an
optimum operating temperature of 400°C, (B) Sensitivity of various ZnO/SnO»
nanostructure sensors as a function of ethanol concentrations.

less amount of Sn is detected. It may arise due to deep penetration
of EDX beam and probing the underlying film. However, the EDX
spectrum obtained on the surface of the 15Z5S film (Figure 3B)
reveals the underlying film contains significant amount of Sn,
while peaks for Si, Ca, Al, Na, and Mg are detected from

the substrate.

Ethanol Sensing Properties

The fabricated ZnO/SnO, nanostructures are then tested for
ethanol sensing at an optimum operating temperature of 400°C.
Pure ZnO and SnO; thin films are also studied for comparison
with the ZnO/SnO, nanostructures sensors toward ethanol.
Figure 4A illustrates the sensitivity of sensors to ethanol at
different concentrations from 25 to 400 ppm. As clearly seen
in Figure4A, the gas sensing performances of ZnO/SnO,
nanostructures are exceptionally high when compared to pure

ZnO and SnO; thin film sensors. Sensitivity of ethanol first
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FIGURE 5 | (A) Selectivity of 15Z5S film sensors toward 50 ppm of methane,
hydrogen and ethanol at an operating temperature of 400°C and (B) the
variation of selectivity (ratio between the sensitivity of 50 ppm ethanol and
hydrogen at 400°C) of the sensors fabricated with different fims.
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rises as the molar ratio of Zn/Sn in the film increases from
13:7 to 15:5 which corresponds to the films 13Z7S, 14Z6S, and
15Z5S. Sensitivity then decreases when the molar ratio of Zn/Sn
increases beyond the limit of 15:5 (16Z4S and 17Z3S). It can
be seen from Figure 4A that sensitivities toward an ethanol
concentration of 25 ppm are about 4, 5, 12, 42, 50, 33, and
16 for pure SnO;, pure ZnO, 13Z7S, 14Z6S, 15Z5S, 16Z4S,
and 17Z3S nanostructure film sensors, respectively. 15Z5S film
sensor exhibits highest sensitivity toward ethanol among other
sensors. The enhancement of the ethanol sensing performance
of 15Z5S nanostructured film can be attributed to the greater
sensing surface area due to the high aspect ratio of nanorod
structure. Sensitivity as a function of ethanol concentration is
shown in Figure 4B. The sensitivity toward ethanol gas increases
linearly up to 200 ppm concentration for all film sensors. Beyond
200 ppm concentration, the sensitivity tends to reach saturation
gradually after climbing over the point of 400 ppm concentration.
But, 15Z5S sensor exhibits linear ethanol sensing property as
compared to other sensors. Further, these sensors exhibit the
lowest detection limit for ethanol as 25 ppm. As can be seen
the sensitivity of 15Z5S nanostructure film sensors for ethanol is
almost ten times higher than that of the pure sensors for 25 ppm
of ethanol concentration.

Thermodynamic analysis reveals that methane and hydrogen
are formed from ethanol at moderate temperatures and high
temperatures (400-700°C), respectively (Vasudeva et al., 1996;
Fishtik et al., 2000; Galvita et al., 2001). Therefore, selective
ethanol sensing is important in presence of hydrogen and
methane. Thus, the selectivity of the 15Z5S film sensor toward
ethanol is studied. Figure 5A represents the continuous response
of 15Z5S film to 50 ppm methane, hydrogen and ethanol.
The 15Z5S sensor reveals sensitivity of 5 to methane, 7 to
hydrogen, and 108 to ethanol. The sensitivity of 108 is obtained
for ethanol for the 15Z5S film sensor which is nearly 15-fold
higher than that of the response for methane and hydrogen
at an operating temperature of 400°C. Figure 5B summarizes

the selectivity of ethanol in terms of the sensing ratios of
ethanol and hydrogen which produced the second largest
sensing signal in all sensors regardless of Zn:Sn ratio. Thus,
the 15Z5S film shows better selectivity toward ethanol than
the other mixed thin films sensor which is higher than that
of the pure ZnO and SnO, film sensors due to the one-
dimensional nanostructure (nanorod) nature with high sensing
surface area. Therefore, 15Z5S nanostructure film-based sensor
can be used to detect ethanol in practical applications in the
environmental field.

Gas Sensing Mechanism

The detailed sensing mechanism of ZnO nanorod on SnO; thin
film is shown in Figure 6. It is commonly accepted that the
sensing of a reducing gas in a metal oxide surface at elevated
temperature is a two-step process which includes the formation
of oxygen ion species on the surface and reducing gases are
oxidized on the surface (Barsan and Weimar, 2001; Kolmakov
et al., 2003). Due to variation of band gap, work function and
electron affinity of ZnO and SnO; a Fermi electron transfer is
possible at the ZnO/SnO; interface (Zheng et al., 2009). Thus,
a net electron flow from SnO, to ZnO can be expected at the
ZnO/SnO; interface which is mainly due to the difference in
work functions of ZnO (5.2¢eV) and SnO; (4.9eV) (Tang et al,,
2014; Li et al., 2015). This increases the electron density at the
ZnO nanorods and the underlying SnO; layer will suffer from an
electron deficiency (Figure 6A).

When the sensor is exposed to air at elevated temperature,
due to the increased electron density at ZnO nanostructures, the
amount of oxygen ions (O?7) present in the ZnO surface also
increases. At operating temperature of 400°C, the O?~ ions are
more stable and predominant when compared to other oxygen
species such as (O™, O;) (Barsan and Weimar, 2001; Yao et al.,
2014) (Figure 6B). When the sensor is exposed to ethanol, the
surface oxygen species reacts with the ethanol molecules and the
chemisorbed electrons will be left freely to the films (Figure 6C).

® 6 © o6 o
SnoO,

In air ambient

at elevated temperature.

In air ambient at elevated
temperature

FIGURE 6 | Schematic ethanol sensing mechanism of ZnO nanorod on SnO5 thin film (A) In air ambient, (B) In air ambient at elevated temperature, and (C) In ethanol

In ethanol at elevated
temperature
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TABLE 2 | Brief summary of ZnO/SnO» nanostructures gas sensor upon exposure to 100 ppm ethanol.

Zn0/Sn03 nanostructures Fabrication method Detection range Sensitivity** Working References

(ppm) temperature (°C)
Zn0O/SnOy» nanostructures Hydrothermal 10-1,000 30 300 Lietal., 2011
Zn0/SnOy hollow nanospheres Hydrothermal 0.5-100 78.2 225 Liu et al., 2017
SnOs»- core/ZnO-shell nanowires Thermal evaporation and Spray coating* 25-500 14.05 400 Thanh Le et al., 2013
Zn0O/Sn0Oy hollow nanospheres Hydrothermal* 10-500 14.7 150 Ma et al., 2013
SnO»/Zn0O nanofibers Electrospinning and Hydrothermal* 5-1,000 80 300 Yan et al., 2015a
Hollow ZnO/SnO» nanofibers Electrospinning and Hydrothermal* 5-1,000 392.29 200 Lietal, 2015
Zn0O sphere and SnO» nanofiber Electrospinning and Hydrothermal* 20 ppm 100 210 Guo and Wang, 2016
composite (for 20ppm)
SnO»/Zn0O hetero-nanofibers Electrospinning 5-1,000 54 300 Yan et al., 2015b
Ag-doped ZnO-SnO» hollow Electrospinning and Hydrothermal* 1-6,000 128.6 200 Ma et al., 2017
nanofiber
Zn0O-nanorod/SnO» thin film Spray pyrolysis 20-400 285 400 This work

"The methods are 2-step process for each metal oxide.
“Sensitivity for 100 ppm ethanol at optimum temperature unless mentioned.

As aresult, a rapid drop in net resistance of the film was observed.
Therefore, sensitivity is increased toward ethanol.

According to the sensing results, 15Z5S nanostructure film
sensor exhibits maximum ethanol sensing properties compared
with pure ZnO, pure SnO,, and other mixed thin films (13278,
14768, 16Z4S, and 17Z3S). The improved sensitivity of 15Z5S
film sensor with high aspect ratio nanorods for ethanol than the
pure and other mixed thin film sensor can be feasibly explained
by highly crystalline ZnO nanorods, which improve the effective
sensing surface with improved surface oxygen species density.
Ethanol sensing results of our ZnO-nanorod/SnO;-thinfilm
(15Z5S) sensor is compared with the previous reported values.
Table 2 summarizes the ethanol sensing properties of ZnO/SnO,
composite gas sensors. It clearly shows that the sensitivity of
our ZnO-nanorod/SnO;-thinfilm (15Z5S) sensor is comparable
to some of the recent works with relatively simple and low-
cost fabrication techniques and exhibits greater sensitivity toward
ethanol. Therefore, the present ethanol sensor can be used to
detect ethanol in environmental monitoring.

CONCLUSIONS

We report a simple spray pyrolysis and heating route to fabricate
ZnO nanorod on SnO, thin film with controllable morphologies.
The nanostructures are tailored by controlling the Zn:Sn ion
ratio in the precursor solution. The resulting nanostructures
turns into high aspect ratio nanorods when the Zn:Sn ratio is
15:5. The ethanol sensing studies reveals that the mixed films
perform well when compared to pure ZnO and SnO; films.
The sensitivity of 108 is obtained for 50 ppm ethanol from
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