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Zn0O Nano-powders as Chemical Sensor to Malathion Vapor
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Thick films of zinc oxide (ZnO) nanopowders have been prepared by high energy ball-milling for various spans
of mill time (3-18 h). The morphology and crystal structure of the prepared ZnO powder were characterized by
scanning electron microscope and X-ray diffraction. The ZnO thick films were then used to construct a gas sensor
for O,0-dimethyl dithiophosphate of diethyl mercaptosuccinate (malathion) at different operating temperatures.
The sensor response at 100 ppm of malathion was found to reach a maximum as large as 80 at 6 h of high energy
ball-milling, four times larger than that found for ethanol. Scanning electron microscope observation of the granular
state and pore size distribution analyses indicated that increasing high energy ball-milling time gave rise especially
to an increase in the volume of pores in the pore size range of 6-35 nm. It is suggested that such a change in
nanostructure is responsible for the marked promotion of the response to malathion.
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1. Introduction

Zinc oxide-based gas sensors are efficient for detect-
ing reducing gases such as hydrogen, ethanol, methane,
carbon monoxide, ethylene, etc. These devices are also
capable to detecting many other compounds present in
vapor states within the atmosphere [1-5]. Thus, in or-
der to be able to use these devices for characterizing
various pollutants in the atmosphere, it is necessary to
understand their behavior when placed in contact with
zinc oxide-based gas sensors [4-9]. The ability to de-
tect organophosphorous compounds is very important
since these compounds are widely used as insecticides
and sometimes as chemical warfare gases.

Malathion (O,0-dimethyl dithiophosphate of diethyl
mercaptosuccinate) is a pesticide that is widely used in
agriculture, residential landscaping, public recreation ar-
eas, and in public health pest control programs such
as mosquito eradication. The detection of organophos-
phorous compounds such as dimethyl methyl phospho-
nate (DMMP), using a semiconductor has been stud-
ied previously [9-12]. Studies on the interaction of var-
ious organophosphorous compounds (DMMP, DMHP,
TMP, ...) with TiO2 and WOj3 have also been published
recently [12-17]. It appears, however, that the reaction
mechanism of the detection of malathion with zinc oxide-
-based gas sensors has not yet been explored. The origin
of this study is that zinc oxide-based gas sensors make it
possible to detect malathion vapors in air.

In this article, ZnO nanopowder was prepared by high
energy ball milling (HEBM) method. The high reso-
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lution X-ray diffraction (XRD) and scanning electron
microscope (SEM) techniques were used to characterize
nanostructure and morphology of films. We study the
response obtained for malathion vapor detection using
zinc oxide-based gas sensors and compare it with ethanol.
The response of malathion as a function of grain size of
the ZnO nanopowders (NPs) was determined. The inter-
action between the malathion and the zinc oxide samples
within a temperature range of 350-700 K has been sug-
gested.

2. Experimental

Commercial ZnO powder (ZnO, ~ 99% purity) was
used as a raw material for synthesis of the ZnO nanopow-
der. ZnO powder was milled by HEBM (Activator 2S,
Russia) system with tungsten carbide jars and balls dur-
ing time from 3 to 18 h with step of 3 h. The milling con-
ditions and the material compositions are summarized in
Table.

TABLE
Milling conditions in the high energy ball mill.
R Materials lzovs{jdelzlr Volumes Ball Disc Jar
avy of jars o ba of jars | diameters | speed | speed
materials & balls weight 1
ratio [mi] [mm] | [rpm] | [rpm]
ZnO WwC 1:20 80 10 500 900

The ZnO nanopowder was mixed with water to make
paste, which were printed on the (111) silicon substrate
20 mm x 20 mm x 0.5 mm patterned by Au electrodes.
The thick films were then dried at 550 K for 1 h in air
atmosphere.

Malathion was obtained as commercial form with 95%
purity. Its characteristics are:

e CAS number: 121-75-5;
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e density: 1.23 g/cm?;
e molecular mass: 330.358021 g mol~!.
e empirical formula: C1oH19OgPSs;

e boiling point: 156 to 157 K (760 mm Hg).

The powder X-ray diffraction patterns of ZnO
nanopowder were carried out using a STOE transmission
Stadi-P diffractometer with monochromatic Cu K, ra-
diation (A = 1.5406 A). The wavelength was selected us-
ing an incident-beam curved-crystal germanium Ge(111)
monochromator with a linear position-sensitive detector
(PSD). The patterns were scanned over the angular range
20-90° (20) with a step length of the PSD of 0.5° (20)
and a counting time of 30 s per step. The powder sam-
ples were loaded between two mylar foils and fixed in the
sample holder with a mask of 8.0 mm internal diameter.
Scanning electron microscope SEM (TESCAN VIGA II
XMU) was used for morphological, crystallite size and
nanostructural studies.

Conventionally, the electrical resistivity measurements
and the gas-sensing experiments were carried out in a
gas flow apparatus equipped with an external controlled
heating facility. The resistances of the thick films were
measured by the two probes method and using interdig-
itated gold electrodes deposited on the films by thermal
deposition method (Elltrorava, Italy). The nature of the
contact was verified to be ohmic by /-V measurements.
A thermocouple was attached to the thick films holder
for monitoring and controlling the operation temperature
during resistance measurements. For each gas measure-
ment experiment a measured quantity of gas at 100 ppm
concentration was introduced in the housing and the elec-
trical resistance of each thick film device was measured
continuously on an electrometer. Sensor response was
defined as the resistance ratio, R,/R,, where R, and R,
stand for the electrical resistances in dry air and the sam-
ple gas, respectively.

3. Results and discussion

The X-ray powder diffraction patterns for ZnO raw
material and milled powder are shown in Fig. 1. The
X-ray patterns indicate that ZnO crystalize in hexagonal
(wurtzite) crystal structure with space group (P63mc)
and cell parameters (a = 3.249 A and ¢ = 5.205 A) [4, 5].
Figure 1 does not show any change in the crystal struc-
ture during the milling of the powder. During milling
the grain size of ZnO powder change considerably. X-ray
patterns show a gradual broadening and simultaneous de-
crease in intensity of the lines; characteristic of the rapid
decrease of grain size of ZnO to nanosized powders (from
about 200 nm in raw material to about 30 nm after 3 h
milling). The size of ZnO nanocrystallites was evaluated
based on diffraction peaks of (100), (002) and (101) by
using Scherrer’s equation, and their mean values were
adopted as an average crystallite size (diameter D).
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Fig. 1. X-ray diffraction patterns at selected milling
times for the ZnO sample milled at 500/900 rpm in com-
parison with raw material of ZnO.
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Fig. 2. Size of ZnO nanocrystallite (¢) specific surface
area (A) of ball-milled composites as correlated with
HEBM time.

Figure 2 shows the obtained values of D together with
the specific surface area (5) data as a function of HEBM
time.

The diameter D decreases only slightly with increas-
ing HEBM time, varying from about 33 nm to 6 nm.
In contrast, S increases gradually from 32 to 171 m?/g.
These results indicate that the HEBM-induced promo-
tion of sensor response is not only related with the change
of D. The change of nanostructure of the grain size of
films then draws attention.

Figure 3 shows the SEM images of the thick films of
ZnO milled at different times.

The films consist of ZnO grains of various sizes ranging
from about 33 nm to 15 nm tended to increase (about
50 nm) with increasing HEBM time. Considering the
crystallite sizes shown in Fig. 3 and that calculated from
XRD patterns (Fig. 2), most of the grains are agglom-
erates consisting of two or more crystallites. Changes in
morphology with HEBM time (Fig. 3), however, were not
always obvious so that pore size (PS) distributions were
changed for each period times of milling [17-22].

The sensor response values (R./Rg) to 100 ppm of
malathion in the temperature range from 350 to 700 K
at different HEBM times are shown in Fig. 4.
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Fig. 3. SEM images of ZnO thick films using ball-
-milled nanocrystallites. Ball milling time: (a) 3 h,
(b) 6 h, (c) 9 h, (d) 12 h, (e) 15 h, (f) 18 h.
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Fig. 4. Sensor response S = (Ra/Rg) to 100 ppm
of malathion with operating temperature for different
HEBM times.

With HEBM for 3 h, the sensor response versus tem-
perature correlation lays at the lowest position with a
rather modest maximum at 550 K among those mea-
sures. With increase of the HEBM the correlation shifted
upward especially in the higher temperature region, re-
sulting in a monotonously decreasing function of temper-
ature. This tendency continued up to a HEBM time of
9 h, beyond which the correlations began to shift down.
The responses at 500 and 550 K are seen to increase
sharply especially between 9 and 12 h of HEBM time
and then to tend to decrease.

In this way, HEBM for an adequate time (between 9
and 12 h) was very effective in promoting the sensor re-
sponse especially at the temperature between 500 and
550 K. In order to confirm the performance of our films
as sensing element for different gases we compare in Fig. 5
the sensitivity of our films to malathion with that to
ethanol. Figure 5 shows that the sensitivity to malathion
is three to four times larger than that for ethanol for film
obtained at 18 h of milling time. In comparison of ear-
lier results [23-25] on ethanol, our films show also a good
performance on ethanol sensing.
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Fig. 5. Comparison between malathion and ethanol
gas response for film obtained at 18 h of milling time.

Most semiconducting oxide gas sensors operate on the
basis of the modification of the electrical properties of an
active element brought about the absorption of an an-
alyte on the surface sensor. When ZnO films sensor is
exposed to air, an oxygen molecule absorbs on the sur-
face and forms 0%~ (05, O~, 0%7) ion [23] by capturing
an electron from the conduction band. So ZnO films
show a high resistance in air ambient. When ZnO sen-
sor is exposed to reductive gas at moderate temperature,
the gas reacts with the surface oxygen species, which de-
creases the surface concentration of O; ion and increases
the electron concentration. Malathion will decompose
rapidly when heated to temperature above 375 K. The
decomposition is dependent on time as well as tempera-
ture due to the exothermic and autocatalytic reactions.
The reactions involve rearrangements and polymeriza-
tion resulting volatile malodorous and inflammable com-
pounds such as ethanol, methanol, and dimethyl sulfide.
When these inflammable compounds react with oxygen,
a complex series of reactions take place, ultimately con-
verting to carbon dioxide, hydrogen sulfide as
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CH3-CHy-OH(gas) + 602~

— 2C02(gas) + 3H2O(gas) + 12e™,
CH3-OH(gas) + 302~

— CO2(gas) + 2H20(gas) + 6e™,
CH3-S-CH3(gas) + 602%™

— 2C02(gas) + 2H20(gas) + HaS + 12e.

This shows an n-type conduction mechanism in ZnO
surface films. Thus on oxidation, single molecule of
malathion liberates at least 30 e~ in conduction band and
results in increase in conductivity of the sensor. This in-
crease of conductivity of the sensor is more than 2.5 times
that for single ethanol molecule. Then if the interaction is
due only to the ethanol radical the 100 ppm of malathion
must be equivalent to 200 ppm of ethanol. The value of
malathion sensor response observed in our work is very
high compared to ethanol value at 200 ppm obtained by
Wang et al. [23]. This indicates that another radical of
phosphor or sulfur in malathion can participate to the in-
teraction with oxygen. Finally, the increase of malathion
gas response with milling time can be explained by the
increase of the specific surface area in the sense of that
the increase of the surface area increases the number of
oxygen molecules absorbed on the surface.

4. Conclusions

The thick-film devices using ZnO nanopowder pre-
pared from the ZnO oxide as micropowder by HEBM
were promoted markedly for the sensor response to
malathion when HEBM time was set adequately (be-
tween 9 and 12 h). The promotion of the response to
malathion resulted from the change from micro- to nano-
structure. This change increased the porosity of ZnO
powder by HEBM which increased the global nanopow-
der surfaces. After 12 h of HEBM the nanopowder
became consisting of two or more nanograins and the
nanopowder size increased which produced decrease in
the malathion response. A mechanism of the interaction
explaining the sensor response has been proposed.
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