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Abstract: The liquid petroleum gas sensing characteristics of Palladium doped zinc oxide (ZnO) films have
been studied. Microwave synthesis method was used for synthesis of zinc oxide and Palladium doped zinc oxide
nanomaterial and screen printing technology was used to prepare thick-film sensor element. The thick films
were characterized by using X-ray diffractogram, field emission scanning electron microscopy and energy
dispersive X-ray analysis. The 3 wt. % Pd doped ZnO thick film show sensitivity to LPG at room temperature
and maximum sensitivity at 350 °K temperature with fast response and recovery time.
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I.  Introduction

Zinc oxide nanomaterial play an important role in applications of electronic devices, in particular for
gas sensing. The growth conditions of ZnO nanocrystals affects availability of ZnO crystals in distributed
discrete gas sensing devices and the uniformity, size and defects of ZnO nanocrystals are strongly influenced by
this condition. Gas sensing and optical properties of ZnO nanomaterial differ from the bulk materials i.e.
sensitivity and selectivity are sufficiently high in case of nanomaterial. ZnO nanomaterials possess a large
surface atom/bulk atom ratio. This ratio correspondence to a higher sensitivity, thermal stability and
compatibility with other nano devices [1- 8]. Hence ZnO nanomaterials are used as a gas sensor. ZnO nanords
resist formation of rust. Because of these properties, ZnO is widely used in chemical and humidity sensing
devices. Metal oxides cannot easily differentiate between different types of gases, but by adding certain noble
metals as dopants can enhance the gas sensing performance [9 -15]. The optical and electrical properties of ZnO
can be enhanced by adding Noble dopants in ZnO which increase the sensitive performance. Palladium metal is
used as an impurity in ZnO because of its special electronic configuration, i.e., 4d. Due to the sensitivity of the
palladium ions with deep holes on singly ionized oxygen interstitials, Zn anti-site vacancies, and oxygen
vacancies, it is of interest to find out whether Pd incorporated in ZnO significantly improves sensitivity and
specificity [16 - 19].

In long term devices and space craft’s hydrogen sensors based on Pd are used for detection of hydrogen
leaked from fuel cells and proton-exchange membrane to minimized weight and power of sensor. Chemical
vapour deposition (CVD), RF sputtering methods to prepare ZnO nanorods or doping of Pd in ZnO are
expensive methods [20, 21].

In this work, we report the microwave assisted synthesis of Pd doped ZnO nanomaterial. Pd doped
ZnO nanomaterials were synthesized by using simple instruments i. e. microwave and magnetic stirrer. The
effect of dopant concentrations on structural properties were studied from X-ray diffraction (XRD) and
morphological properties were studied by using scanning electron microscopy (SEM). Synthesized powders
were used to fabricate the sensor elements in the form of thick films with a screen printing technique and gas
sensing response of prepared thick films were tested for different gases i. e. NH3, H,S, CO,, LPG and Ethanol
gas.

1. Experimental
2.1 Synthesis of pure and Pd doped ZnO:

In preparation of pure and Palladium doped ZnO nanomaterial, zinc acetate ((CH3.COO),. Zn. 2H,0)
and Palladium chloride (0 wt. %, 1 wt. %, 3wt. % and 6wt. %) were dissolved in 100 ml deionized water and
magnetically stirred for 30 minutes. Then 2 M sodium hydroxide (NaOH) solution was prepared and introduced
into the zinc acetate solution with continues stirring. The solution was ultrasonicated for 15 minutes and then it
was kept in microwave for 15 minutes. The solution was allowed to cool down at room temperature naturally.
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After that solution was filtered and precipitate was washed with deionized water and absolute ethanol to remove
the excess and contaminated salts. The obtained powder was dried at 343 °K in oven. Fig.1 shows the
photographs of Synthesized of Pd-doped ZnO.

Figure 1: Photographs of Synthesized of Pd-doped ZnO.

2.2 Fabrication of thick films and gas sensing measurements:

For preparation of thick films, thixotropic paste of synthesized material was prepared and ethyl
cellulose is used as temporary binder with mixture of organic solvents such as butyl carbitol acetate, butyl
cellulose and turpineol. The synthesized materials were mixed with solution of ethyl cellulose and mixture of
organic solvents. The ratio of organic to inorganic part was maintained as 20:80 in formation of paste. The
binder was used for binding of material with glass substrate. The thick films were prepared by screen printing
method. In this method, paste is robbed on the glass substrate by applying uniform pressure. The fabricated
thick films were fired at 500 °C for half an hour for removal of organic material.

The electrical contacts were made by using silver electrodes to measure gas sensing properties. For gas
sensing measurements, static gas sensing system was used. The gas concentration for experiment was fixed to
1000 ppm and gas sensing response of thick film was noted. The sensor response (S) was defined as the ratio of
resistance of sensor element in air (R,) to that in target gas (Ry) [22].

S=R./ Ry (1)

111. Results And Discussion
3.1Thick film Characterization techniques:
3.1.1 X-ray diffraction analysis:

X-ray diffraction study of pure and Pd doped ZnO thick films were carried out using BRUKER
AXSD8 (Germany) advance model X ray diffraction with CuKoy (A=1.54056 A) radiation in the 20 range 20°-
80% The scanning speed of the specimen was maintained 0.5° /min.

Fig.2 shows the XRD spectra of (a) Pure ZnO, (b) 1wt.% Pd doped ZnO, (c) 3 wt.% Pd doped ZnO, (d)
6 wt. % Pd doped ZnO thick films. The peaks of pure and Pd doped ZnO are obtained at (100), (002), (101),
(102), (110), (103), (112) and (201) planes. The peaks assigned to diffraction from various planes correspond to
hexagonal Wurtzite structure of ZnO. It is observed that two additional peaks are obtained at 30.68° and 57.95°,
which can be associated with PdO [23]. These peaks can be associated with (1 0 0) and (1 1 2) or (2 2 0) PdZn
intermetallic compound [24]. The intensities of the peaks obtained at 30.68° and 57.95°, increases with increase
in percentage of Pd doping in ZnO. The results show that Pd - doped ZnO sample has a better crystallinity,
higher intensity and smaller peak width than those of the pure ZnO. The crystalline sizes of the ZnO and Pd
doped ZnO were determined by means of X-ray line —broadening method using Debye—Scherrer's formula [25].

091

P cos® @

www.ijesi.org 33| Page



Palladium-Doped Zinc Oxide Nanomaterial For Liquefied Petroleum Gas Detection.

Where, D is the crystallite size in nanometer, A is the X-ray radiation (0.154056 nm for CuKa radiation)
wavelength, 0 is the Bragg diffraction angle and f is full width at half maxima intensity (FWHM). No
diffraction peaks of other compounds were observed in ZnO which indicates that the ZnO nano structures have
high crystallinity and purity. The crystallite size for Pure ZnO, 1wt.% Pd doped ZnO, 3 wt.% Pd doped ZnO,
and 6 wt. % Pd doped ZnO was found to be 49 nm, 43 nm, 33 nm and 42 nm respectively. Thus, it is observed
due to Pd doping, there is decrease in crystallite size.
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Figure 2: XRD spectra of (a) Pure ZnO, (b) 1wt.% Pd doped ZnO, (c) 3 wt.% Pd doped ZnO, (d) 6 wt. % Pd
doped ZnO thick films.

3.1.2 Field emission scanning electron microscopy (FE-SEM):

Fig. 3 (a — e) shows the FESEM images of (a) Pure ZnO, (b) 1wt.% Pd doped ZnO, (c) 3 wt.% Pd
doped ZnO, (d) 6 wt. % Pd doped ZnO and (e) high resolution image of 3 wt.% Pd doped ZnO. Fig. 2 (a) and
(b) shows bulk quantity of flower like structure of pure ZnO and 1 wt. % Pd doped ZnO. Each flower consists of
small hexagonal prism like structure of ZnO. Fig. 2 (c) and (d) shows FE - SEM images for 3 wt. % of Pd
doped ZnO and 6 wt. % Pd doped ZnO. It is observed that both consist of hexagonal prism-like structure of ZnO
crystalline phase. Fig. 2 (e) shows the high resolution image of 3 wt.% Pd doped ZnO shows that the height and
width of the prism ranges from 400 nm to 1pm from these results it can be concluded that there is incorporation
of Pd in ZnO.
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Figure 3: FESEM images of (a) Pure ZnO, (b) 1wt.% Pd doped ZnO, (c) 3 wt.% Pd doped ZnO, (d) 6 wt. % Pd
doped ZnO and (e) high resolution image of 3 wt.% Pd doped ZnO.

3.1.3 Energy dispersive X-ray analysis (EDAX):

The elemental analysis of pure and Pd doped ZnO thick films were carried out using EDAX (JOEL,
JED-2300, Germany). Fig. 4 shows EDAX pattern of (a) Pure ZnO, (b) 1wt.% Pd doped ZnO, (c) 3 wt.% Pd
doped ZnO, (d) 6 wt. % Pd doped ZnO. The EDAX analysis shows presence of only Zn, Pd and O as expected,
no other impurity elements were present in the Pd doped ZnO. The EDAX result shows variation in Zn/O ratio
with variation in doping concentration.
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Figure 4: EDAX spectrum of (a) Pure ZnO, (b) 1wt.% Pd doped ZnO, (c) 3 wt.% Pd doped ZnO, (d) 6 wt. %
Pd doped ZnO.

3.2. Gas sensing Characteristics:
3.2.11-V characteristics:

Fig.5 shows the 1-V characteristics of the Pure and Pd doped ZnO thick films. Keithley 6487
picoammeter cum voltage source was used for measurement. The bias voltage was increased from 0 to 25 volts
and the corresponding current was noted. The voltage was increased in steps of 5 volts. The same process was
performed for negative voltage. It is observed from |-V characteristics that the curves for pure and Pd doped
ZnO thick films shows symmetry indicate the contacts between the films and the probes of the system are ohmic
in nature [26].
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Figure 5: 1-V characteristics of pure and Pd doped ZnO thick films.

3.2.2 Electrical conductivity:
Fig. 6 gives graphical representation of variation of log (conductivity) with operating temperature of
pure and Pd doped ZnO thick films. From the graph the nature of thick films are semiconducting nature. The
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increase in conductivity with increasing temperature could be attributed to negative temperature coefficient and
semiconducting nature of pure and all Pd doped ZnO thick films.
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Figure 6: Conductivity temperature profile of pure ZnO and Pd doped ZnO thick films.

3.3 Gas response:

The gas sensing behavior of Pd doped ZnO thick was studied by using static gas measurement system.
The DC resistance of pure and Pd doped ZnO thick films ware measured by using half bridge method as a
function of temperature in air as well as in NH; H,S, CO,, LPG and Ethanol vapour in gas atmosphere. The
operating temperature was varied at the interval of 50 °K. From the measured resistance in air as well as in gas
atmosphere, the sensitivity of gas was determined at particular operating temperature.

The gas sensing properties of pure and 1 wt. %, 3 wt. %, and 6 wt. % Pd dope ZnO thick films have
been studied. On the basis of measured data, the sensitivity, selectivity, response and recovery time of thick film
sensor for a fixed gas concentration of 1000 ppm in air ambient condition was calculated. Also the response of
gas with variation of gas concentration at optimum operating temperature is studied.
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Figure 7(a —e): Variation of gas response of pure and Pd doped ZnO thick films with operating temperature for
NHs, H,S, CO,, LPG and Ethanol gas.

The gas response for pure and Pd doped ZnO thick films was noted from room temperature to 623 °K
for 1000 ppm of different gases i.e. NHs3, H,S, CO,, LPG and Ethanol vapour. Form figure 7 (a-e), it is
observed that Pd doped ZnO thick films are sensitive to LPG at room temperature than other tested gases i.e.
NHa;, H,S, CO, and Ethanol vapour. The 3 wt. % Pd doped ZnO thick films show higher sensitivity to LPG than
other doping concentrations. This film has shown sensing response to LPG i.e. 32 at room temperature and
higher sensing response i.e. 82 at operating temperature 350 °K.

The composition of LPG is as follows:

TABLE 1: Composition of LPG gas.
Composition of LPG in volume | CH, C;Hs CsHs CsHs CaHio CsHip
percentage 6 8 115 15 55 45
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As butane is an important element of LPG, to dissociate butane into lower alkanes, there is need of
higher temperature. As the Van der Waals forces are very strong, carbon-hydrogen and carbon - carbon bonds
are also strong. These carbon-hydrogen and carbon - carbon bonds requires very high temperature to breakdown
the bonds. When these bonds are broken, there is separation of hydrogen and carbon. Then adsorption of
atmospheric oxygen O, on the surface of the film takes place and acquires the electron from conduction band as
follows:

OZ (air) + 4 > 202-(film surface)
As a result of this, there is decrease in conductivity of the thick film.

When there is reaction between oxygen and alkanes, number of reactions takes place and as a result of
this alkanes are converted into carbon dioxide and water as shown in the following reactions:
CH4 (gas) +4 OZ-(film surface) - COZ (gas) +2 HZO (gas) +8 e_(cond.band)

C2H6 (gas) +7 Oz_(film surface) - 2 COZ (gas) +3 HZO (gas) +14 e_(cond.band)
C3H8(gas) +10 O2-(film surface) - 3 COZ (gas) +4 HZO (gas) +20 e-(cond.band)
C4Hio (gas) + 13 02-(film surfacey —> 4 CO2 gasy + 5 H20 (gas) + 26 € (cond.band)

This indicates that the mechanism is of n-type. The molecular oxygen O, is converted into O, when the
temperature is high. Also in the reaction, hydrogen ions H* are produced due to decomposition of alkanes. Then
there is a reaction between the O, anion super-oxide and H* hydrogen ions which leads to formation of water
molecule H,O, and the molecular oxygen O, [27-30]. This reaction is as shown below:

20, +2 HY — H,0, + O,
2 H,O; —» 2H,0+0,

When Pd doped ZnO thick film sensor element exposed to LPG, it decomposes into carbon and
hydrogen species. These carbon and hydrogen species then reacts with adsorbed oxygen. This results in the
release of electron in the conduction band which then improves the catalytic activity of surface of thick film.
The rate of reaction between adsorbed species as well as rate of adsorption depends on the temperature. In case
of semiconductors, a maximum is obtained at certain temperature in the curves of gas response versus operating
temperature. This maximum temperature is used as the working temperature of sensor. As there is change in
temperature, there is also the change in the form of the adsorbed oxygen. Hence, coverage of adsorbed oxygen
as a function of temperature also affects the observed shape of gas response curve. Hence by adding the
impurities which adsorbs or reacts with the target gas, the selectivity can be enhanced. In Pd doped ZnO thick
films, the number of grains of ZnO and Pd are linked with each other through the grain boundaries. As a result
of this, barrier height among the grains is formed. Due to the formation of these barrier height in the grains, in
absence of the target gas there is increase in the resistance.

3.4 Selectivity :

Selectivity is defined as the ability of a sensor to respond to certain gas in the presence of other gases.
Selectivity of one gas over others is defined as the maximum response of sensor element in presence of other
gas to the maximum response sensor element in presence of target gas at optimum operating temperature. Fig. 8
shows gas response of 3 wt. % Pd doped ZnO thick film for different gases and it is found that 3 wt. % Pd doped
ZnO thick films shows maximum gas response for LPG over other gases.

100 4

80 4

Gas Response

NH3 H28 Cco2 LPG Ethanol

Figure 8: Gas response of 3 wt.% Pd doped ZnO thick film.
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3.5 Response and recovery time of thick film sensor:

In practical applications, response and recovery time for the particular gas are important factors. The
response and recovery time of sensors is the time reaching 90% of final stable values [30]. Fig. 9 illustrates
response and recovery time of 3% Pd-doped ZnO thick film sensors. The response time and recovery time of the

sensor was (8 s) and (16 s) respectively to LPG. The quick response of sensor element to LPG may be due to
faster oxidation of gases.
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Figure 9: Gas response of 3 wt. % Pd doped ZnO thick film sensor towards LPG with time.

V. Conclusions

Zinc oxide and Palladium doped zinc oxide nanoparticles were successfully synthesized without using
surfactant by microwave assisted precipitation method. The response of pure ZnO thick film toward LPG was
very poor than the response of Pd doped ZnO thick films. Pd doped ZnO thick films show sensing response to
LPG at room temperature. The 3 wt. % Pd doped ZnO thick films show sensitivity to LPG at room temperature
and maximum sensitivity at 350 °K temperature with fast response time ( 8 s) and recovery time ( 16 s). Hence
Pd doping in ZnO is an appropriate dopant to enhance sensitivity and selectivity of sensor element toward LPG.
The 3 wt. % Pd doped ZnO thick film sensors found to be sensitive and selective to LPG at operating
temperature hence it is use as sensing material for LPG sensor element.
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