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The Gas Sensing Properties of Zeolite Modified Zinc Oxide

o D.C.Pugh,” E.J.Newton,” A.J.T. Naik,” S.M.V.Hailes" and I.P. Parkin”"
?Cite this: DOI:
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The illicit manufacture of drugs in the 21% century presents a danger to first responders,
bystanders and the environment, making its detection important. Electronic noses based on
metal oxide semiconducting (MOS) sensors present a potential technology to create devices for
Received 00th January 2012, such purposes. An array of four thick film MOS gas sensors was fabricated, based on zinc oxide

Accepted 00th January 2012 inks. Production took place using a commercially available screen printer, a 3 x 3 mm alumina

DOI: 10.1039/x0xx00000x substrate containing interdigitated electrodes and a platinum heater track. ZnO inks were

modified using zeolite B, zeolite Y and mordenite admixtures. The sensors were exposed to four
www.rsc.org/ gases commonly found in the clandestine laboratory environment; these were nitrogen dioxide,
ethanol, acetone and ammonia. Zeolite modification was found to increase the sensitivity of the
sensor, compared to unmodified ZnO sensors, all of which showed strong responses to low ppm
concentrations of acetone, ammonia and ethanol and to ppb concentrations of nitrogen dioxide.

Machine learning techniques were incorporated to test the selectivity of the sensors. A high level

of accuracy was achieved in determining the class of gas observed.

Introduction

Metal Oxide Semiconducting (MOS) sensors are a low cost and
reliable form of vapour detection. MOS gas sensors operate on
the principle that a change in conductivity in the sensing
material occurs on contact with a target gas. Their ease of
production, high robustness and simple interface electronics
make them ideal candidates for commercial detection. They do,
however, lack selectivity across a range of analytes'.

The gas sensing properties of zinc oxide was first demonstrated
in 1962 by Seiyama et.al.’. Zinc oxide has since been found to
be a versatile gas sensing material, and has been used in a

sensors to detect carbon
9,10
9’

number of devices, including

monoxide®*, hydrogen™, nitrogen oxides”®, hydrocarbons

11,12,13 141516 and disulphides'’. The working

alcohols , ammonia
temperature of ZnO gas sensors is generally quite high, around
400°C-500°C, and selectivity is generally poor'®. As a result of
this, preparation methods and doping of ZnO gas sensors to
reduce operating temperature and increase selectivity are major

research topics'>%.

A good level of selectivity can be obtained by incorporating
sensors into an electronic nose. An electronic nose is an array
of sensors, used as an analytical instrument, in order to achieve
specificity in detecting gases. By using a range of sensor
materials, it is possible to achieve a “chemical fingerprint” for a
particular gas via a pattern recognition algorithm.MOS gas
sensors have been incorporated into a number of electronic

21,22,23,24

noses , using varying dopants, materials and operating

This journal is © The Royal Society of Chemistry 2013

temperatures to achieve a required fingerprint for a target gas in
a wide range of applications®%.

The data collected by such an instrument can be processed by
principal component analysis or classifying techniques such as
a support vector machine (SVM). A Support Vector Machine
(SVM), proposed by Boser er.al’’, is a form of maximum
margin classification. Using this technique, a training data set is
used to derive an equation that separates classes of data, for
example different test gases or concentrations. A basic SVM is
a binary classifier: It separates data into two groups. As not all
data sets are linearly separable in their standard (input space)
form, a function maps the data into higher dimensional space
(feature space), and then a linear separating hyperplane is
determined. Once the hyperplane for separating the training
data has been calculated, the SVM can be used to classify
unknown data. The distance between the hyperplane and the
nearest data point of each class is calculated to be as large as
possible (maximum margin classifier). This is to ensure a
greater statistical certainty of classification when separating
data.

In order to separate data with more than two classes the
algorithm can analyse the data as a series of binary class
problems (i.e the ability to determine whether unknown data
relates to; gas A/not gas A, gas B/not gas B etc). An SVM will
be used in this study to classify multi-class data collected for
different target gases.

J. Name., 2013, 00, 1-3 | 1
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Four gases that are important target gases for the security
industry were tested against three zeolite modified zinc oxide
sensors as well as an unmodified ZnO sensor. The four gases
are:

Nitrogen Dioxide (NO,), which is a strong oxidant and toxic
atmospheric pollutant. It is frequently found in clandestine
laboratories as a side product of the Birch reduction method”®.
In addition to this, the -NO, functional group is a sub structure
of many chemicals used in the generation of ammonia for
clandestine uses®.

Ethanol (C,HsOH), which is a volatile, flammable, colourless
liquid, is most commonly used as a solvent and in alcoholic
beverages; however, it is also used as a fuel, an intoxicant and
in thermometers. It is commonly used in the illicit production
of morphine and heroin®.

Ammonia (NHj)is a strong, colourless, reducing gas and is a
key ingredient used in many different methods of production of
methamphetamine®', as potential indicator of
homemade explosives®>.It is found in a variety of cleaning
products and fertilizers; however, it is usually obtained for
large-scale clandestine means by theft, of even sale, from the
agriculture industry.

well as

Acetone (C3HgO) is a flammable, colorless, mobile liquid, and
a simple ketone. Acetone is a commonly used solvent for many
plastics and synthetic fibers. Acetone is found in the
preparation of many illicit substances, including cocaine®,
methamphetamine®* and 3,4-
methylenedioxymethylamphetamine (MDMA)**

Figure 1SMO Film on Alumina substrate, showing gold electrodes. The
substrate is 3 x 3 mm with 0.15 mm between the interdigitated electrodes.
Image courtesy of City Technology Ltd

This work demonstrates the suitability of ZnO and zeolite
modified ZnO sensors, as components of an electronic nose, for
the detection of volatile compounds of relevance for security
applications. It is the first time, to our knowledge, that ZnO and
zeolite admixtures have been studied for gas sensing purposes.

2| J. Name., 2012, 00, 1-3

Experimental

Zinc oxide was used as supplied by Sigma-Aldrich. Zeolites
were used as supplied by Zeolist. H-mordenite, was produced
by firing a sample of NH,;-mordenite at 673°C for one hour, as
described by Bordigaet.al.*

All sensors were produced by screen printing metal oxide inks
onto 3 x 3 mm alumina substrate tiles, containing laser etched
digitated electrodes and an integrated platinum heater track.
Inks were produced by mixing a commercially available metal
oxide with an organic vehicle (ESL-400, Agmet. Ltd).

Admixtures were created using three types of zeolite: Zeolite Y,
Zeolite B and mordenite. All three zeolites have previously
been shown to possess gas-separating properties®**°. The
zeolites used have 3 different structure types (FAU, BEA and
MOR respectively). Four different sensors were fabricated,
incorporating 30% by mass zeolite material into the ink.

The inks were ground by pestle and mortar to produce a
smooth, homogenous suspension. Screen-printing was
performed using a DEK 1202, ink was printed onto a strip of
alumina substrates simultaneously. A total of 5 layers of ink
were printed to the substrate. Between applications, the ink was
dried under an infra-red lamp for 15 minutes. Following
application of all layers, individual sensors were fired for 1
hour at 600°C in an Elite thermal systems BRF15furnace. The
sensors were bonded onto brass pins in a standard
polyphenylene sulphide housing using platinum wire (0.0508
mm thickness, supplied by Alfa Aesar) and a MacGregor
DC601 parallel gap resistance welder.

Characterisation Techniques

The sensors were characterised by X-ray Diffraction (XRD),
Raman Spectroscopy Scanning Electron Micrsocopy (SEM)
and Energy Dispersive X-ray (EDX) spectroscopy, before and
after exposure to test gases. XRD diffraction patterns were
collected over the 2 0 range 10°to 650, step size 0.020, on a
Brucker GADDS D8 diffractometer using Cu Karadiation (A =
0.15418 nm).

Scanning electron micrographs were collected on a Jeol JSM-
6301F microscope, in secondary electron imaging mode, using
a 5 keV probe voltage. The images were digitally recorded in
SemAfore software. EDX analysis was performed using a 20
keV SEM probe coupled with an Oxford Instruments INCA X-
Sight system and associated software and confirmed the atomic
percentage make up of each sample.

Surface area measurements were made, based on Braunauer-
Emmett-Teller (BET) theory, using a Micrometrics ASAP 2420
system. Degassing of samples tool place at 150°C. Analysis
took place with N, at room temperature.

This journal is © The Royal Society of Chemistry 2012
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Gas sensing experiments were performed on an in-house testing
rig*. The rig consists of a 12 port sensing chamber, connected
to gas supplies and controlled by four mass flow controllers. A
potential divider circuit and an analog to digital converter card
allow recording of resistance measurements.

The integrated heater tracks, on the base of the sensor, allowed
the working sensor temperatures to be set independently at
350°C, 400°C and 500°C using DC circuitry. Dry compressed
air was used as a carrier gas; varying concentrations of test gas
were introduced into a fixed flow of 1000cm® min™'. Gases
were used at proportions between 5%-80% of their supplied
concentrations, NO, (1 ppm), acetone (10 ppm), ethanol (100
ppm) and ammonia (50 ppm). The sensitivity of sensors was
measured as a function of their baseline resistance in
compressed air (Rg). For reducing gases, the conductive
response (Ro/R) was required, where R is the resistance of the
sensor during the test gas pulse. For oxidising gases, the
resistive response, the reciprocal of conductive response was
used (R/Ry).

Sensors in the test chamber were equilibrated for 20 minutes to
establish a baseline resistance; R, was calculated as the average
resistance during the 2 minutes before the first test gas pulse.
Following the initial equilibrium period, five, 600 second, gas
pulses took place, with 1200 second air intermissions, to allow
sensors to re-establish a baseline resistance Ry Gas pulses
proceeded with increasing concentration, of 5%, 10%, 20%,
40% and 80% of the cylinder concentration. Tests were
repeated in triplicate to ensure repeatability of the sensors.
Responses (Ro/R & R/R;) were used as input to a support
vector machine.

Results

X-ray diffraction patterns can be viewed in figure 3 and
confirm the chemical make up of the metal oxide and zeolite
admixtures. All zinc oxide based materials show a wurzite
single-phase structure with high crystallinity, which can be
matched with the Joint Committee on Powder Diffraction
Standards (JCPDS card no. 36-1451) and literature studies on
ZnO*'. With strong peaks at 26 = 31.37°, 34.03°, 35.86°,
47.16°,56.26°and 62.54°. Additional phases are present in
zeolite modified sensors, the diffraction pattern of Zeolite 3
modified ZnO contains additional peaks at 29.29°, and a
doublet at 22.09° and 21.88°, characteristic of the zeolite. The
diffraction pattern of Zeolite Y contains additional peaks at
12.43° and a cluster of peaks at around 22°. The diffraction
pattern of mordenite modified ZnO contains additional peaks at
13.45°, 22.20° and 25.63°. All are characteristic of their
respective zeolites. Additional phases in the modified sensor
materials can lead to different gas responses in the sensor. The
additional phases are likely due to agglomerated zeolite
material, distributed throughout the sensor bulk.

This journal is © The Royal Society of Chemistry 2012
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the literature®’.
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SEM micrographs of sensors (in Fig. 4) demonstrate the porous
nature of sensor materials and admixtures. The porous nature of
unmodified ZnO is demonstrated in Fig 4.A, with smooth
circular platelets ranging in size from around 300 nm to 500
nm. The appearance of ZnO and zeolite 3 admixture (Fig.
4.B), show large “clumps” of ZnO, coated in angular grains
of zeolite B that vary in size between 0.1 and 0.4 pm. At higher
magnification, it is possible to see high surface area of small
grains, around 100 nm in diameter.

Zeolite Y and ZnO admixtures, in fig 4.C, are again porous in
nature, exhibiting a cavernous appearance, with grains of
around 0.5 pum. At closer magnification, platelet-like grains are
visible, approximately 400 nm in diameter.

The cavernous nature of gas sensors is most visible in a
Mordenite and ZnO admixture (Fig. 4.D), the material made up
of smooth non-uniform grains with an average size of around
600 nm.

J. Name., 2012, 00, 1-3 | 3
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Figure 3SEMmicrographs for each sensor chip. All
maghnification: (a)ZnO, (b) ZnO/B, (c)ZnO/Y (d) ZnO/MOR.

imaged at 50,000x

The surface area of materials, on their alumina substrate (see
table 1), show that admixing with zeolite material increases the
surface area of the sensing element by up to 30%, with zeolite 3
providing the largest increases in surface area, as determined by
BET. This increase in surface area can provide increased access
to active sites and therefore increase the sensitivity of the gas
sensing material.

Table 1Surface area of ZnO and zeolite modified ZnO sensor chips

Sensor BET Surface Area
(m’/g)
ZnO 16.8
ZnO/p 22.1
ZnO/Y 20.1
ZnO/MOR 20.6

Gas Sensing Data

Gas sensing responses are displayed as Ry/R, for reducing gases
(acetone, ammonia and ethanol) and R/R,, for oxidising gases,
where R, is the baseline resistance in air, calculated as the
average resistance prior to the first gas exposure and R is the
resistance in the presence of test gases. An example of the
results obtains can be seen in Fig. 4.

Strong resistive responses (an increase in resistance) were
recorded upon exposure to NO,. Sensors were exposed to 0.05,
0.1, 0.2, 0.4 and 0.8 ppm. Zeolite modified sensors showed a
much greater degree of sensitivity than unmodified ZnO (up to
approximately 100 fold increase) Resistive response was shown
to increase with increased concentration. This increase was not
linear, but followed an exponential like increase in response at
higher concentration.

The gases tested showed varying responses to temperature

dependent on the gas present. Under NO, exposure, resistive
response decreased, with increasing temperature.

4| J. Name., 2012, 00, 1-3
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Figure 4 Plot of ZnO and zeolite modified ZnO sensors to 0.05, 0.1, 0.2, 0.4 and

0.8 ppm NO, at 500°C
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Figure 5Sensor responses to NO, at concentrations between 0.05 and 0.8 ppm,
at 350, 400 and 500°C in dry air for a 600 s exposure.

Sensor exposure to 5, 10, 20, 40 and 80 ppm ethanol produced
strong conductive responses (decreases in resistance, shown as
R¢/R). At 500°C admixture sensors offered large enhancements
in sensitivity, in comparison to unmodified zinc oxide. Ethanol
exposure gave a maximum conductive response at 400°C, ZnO
showing the largest magnitude of response, at 400°C, from
R/R;y = 6.59, in unmodified zinc oxide, to R/Ry=143, in a zinc
oxide and mordenite admixture. A decrease in resistance is
observed during exposure to an ethanol gas pulse; this is
because ethanol, as a reducing gas, has a different mechanism
of action to NO,, resulting in the introduction of electrons to the
sensing element, therefore increasing conductivity and lowering
resistance, due to the decrease in size of the electron depletion
region in the material®.

The magnitude of response increased with gas concentration.
This is because more ethanol was available for redox reactions
at the sensor surface when concentration of test gas in air was
higher. The maximum responses of sensors, under exposure to
ethanol, are shown in figure 6. All sensors show maximum
conductive responses at 400°C, with the exception of ZnO and
mordenite admixture sensor, which shows a maximum response

This journal is © The Royal Society of Chemistry 2012

Page 4 of 8



Page 5 of 8

at 500°C. An unmodified zinc oxide thick film sensor, at
400°C, shows a large increase in conductive response.
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Figure 6Sensor responses to EtOH at concentrations between 5 and 80 ppm, at
350°C, 400°C and 500°C in dry air for a 600 s exposure.

The exposure of sensors to 0.5, 1, 2, 4 and 8 ppm acetone also
produced strong conductive responses. At 500°C, zeolite
modified sensors offered reduced sensitivity, over unmodified
Zinc oxide. However at lower operating temperatures, the
magnitude in sensitivity of zeolite modified sensors increases,
presenting larger magnitudes than unmodified ZnO. Acetone
exposure gave a maximum conductive response at 400°C in
Zeolite B modified ZnO. Unmodified ZnO showed the largest
magnitude of response, at 500°C.
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Figure 7Sensor responses to acetoneat concentrations between 0.5 and 8 ppm,
at 350°C, 400°C and 500°C in dry air for a 600 s exposure.

Sensors were also exposed, to 2.5,5,10,20 and 40 ppm of
ammonia. This exposure produced strong conductive responses;
with up to an 8 fold decrease in resistance. The magnitude of
maximum response decreased with increasing temperature.

This journal is © The Royal Society of Chemistry 2012
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Ammonia also underwent multiple reactions at the sensor
surface, causing an initially strong conductive response (a
decrease in resistance). Response then decreased for the
remainder of the gas pulse (see Fig.8). This shows that after a
brief period, one of the multiple reactions taking place at the
surface dominates, giving a single response.

1.5 H

Resistive Response (R,/R)
[

0.5 T T T T
6000 7000 8000 9000 10000

Time (S)

Figure 8Conductive response of zeolite Y doped ZnO upon exposure to 20 and 40
ppm ammonia at 400°C, demonstrating the unusual peak shape observed under
acetone exposure, comprised of an initial peak, followed by a decline in
magnitude for the remainder of the exposure time.

All sensors showed a larger magnitude of conductive response,
at higher concentrations, due to the increased availability of
ammonia in the environment to react at the sensor surface.

Figure 8 shows a plot the maximum conductive response of
ammonia against concentration and shows that an enhanced
conductive response, at higher temperatures.
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Figure 9Sensor responses to ammoniaat concentrations between 2.5 and 40
ppm, at 350, 400 and 500°C in dry air for a 600 s exposure.

A supervised learning technique was applied to a subset of the
data collected. The tool used was Sequential Minimal
Optimisation (SMO), designed by Platt*’. This applied a “one

J. Name., 2012, 00, 1-3 | 5
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against one technique”, to separate multiple classes, as an
efficient implementation of an SVM™*. Analysis was performed
using the data-mining package WEKA®.

The data set used in classification contained details of the
maximum response found in each gas pulse, along with the first
5 conductive and resistive response values, representing the
change in resistivity in the first 50 seconds of each gas pulse. In
addition to this, information on the temperature and type of
sensor used were incorporated into the dataset.

This provided an excellent classification of gas type, with 92%
accuracy. A confusion matrix of the data is shown in table 2.

NO, | NH; | EtOH | Acetone
NO, 59 0 0 1
NH; 0 57 3 0
EtOH 0 10 50 0
Acetone 1 1 3 55

Table 2 Confusion matrix for the 10 fold cross validation, using optimised
cost function. The class is defined vertically and the output classification is
shown horizontally.

Of the four gases tested, NO, was the most easily recognisable,
due to the difference in its response type (resistive, as opposed
to conductive response) to the three other gases, which
exhibited conductive responses. There was some confusion in
classifying between ethanol and ammonia, due to their similar
conductive responses. It should be possible to increase the
success of classification by introducing more sensors into the
array, with additional metal oxides and transformational

elements such as filters and separation units*.

The results of unmodified zinc oxide sensors exposure were
consistent with literature sensitivities for each of the four test

1¥ and nitrogen dioxide™.

gases; acetone‘”, ammonia48, ethano
Exposure to all test gases resulted in an increased sensitivity in
zeolite modified sensors. This is likely due to the open
microstructure of sensor materials, as well as the catalytic
activity of the zeolites, in the bulk sensor material. It has been
hypothesised that zeolites, being insulating materials, restrict
the percolation of electrons through the material, increasing
resistance and aiding in resistive response of the material, as
shown on exposure to NO,, These actions are different to
sensors where zeolite layers are applied as overlayers, where
the zeolite acts as a filter to filter out molecules that are too
large for the pore size as well as catalytic activity taking place
within the zeolite itself.

At different temperatures, sensors gave different magnitudes of
response at different temperatures, There are a number of
reasons for this; adsorption and desorption at the sensor surface
are temperature activated, the physical propertied of the
material, such as charge carrier concentration, Debeye length
and work function. The rate of reaction for the oxidation/

6 | J. Name., 2012, 00, 1-3

reduction of a specific test gas is dependant on the gas. A peak
temperature for maximum sensitivity, below this maximum the
rate of reaction is too slow to give the maximum sensitivity,
whereas if the temperature is too high, the redox reaction
proceeds so rapidly that the concentration of the test gas
becomes diffusion limited and the concentration seen by the
sensor approaches zero®'. At such temperatures, redox reactions
can take place at the sensor surface without producing a
noticeable electric charge on the metal oxide material.

Results of the gas tests, repeated in triplicate showed a good
level of reproducibility, with all results with less than 2%
variation in identical tests.

Classification of the sensors, with XRD, SEM and EDX after
exposure to the gases showed no change in the microstructure
of the material, indicating the potential for good long term
stability of the sensor material. While many different types of
sensor are available, MOS sensors present a number of
advantages over other sensor instrumentation such as optical
and electrochemical sensors. MOS sensors are not affected by
stray light, and can give an indication as to the concentration of
a gas, unlike optical sensors™>.

Importantly, MOS sensors, at a cost of around $14 a sensor’,

are much cheaper to produce than electrochemical®,

gravimetric®’, and ionisation sensors>®.

Conclusions

A sensor array of four sensors, incorporating three different
zeolites was manufactured. This is the first time zeolites have
been incorporated into ZnO, forming zeolite admixture sensors.
Admixed sensors showed a large increase in sensitivity to
NO,(from R/Ry= 6 with unmodified ZnO to R/Ry= 142, for
ZnO doped with mordenite) and at higher temperatures, to
ethanol (from Ry/R= 7 to Ro/R = 23).

Post exposure characterisation of the sensor materials found
that neither heating of the sensors nor exposure to any of the
test gases used, caused any structural change to the materials,
indicating that unmodified ZnO and zeolite doped ZnO would
present strong repeatability and reproducibility over a longer
time period.

Zeolite modified zinc oxide sensors show a larger magnitude of
response to similar concentrations of NO, than WO; and In,0;
sensors®’, a larger response to ethanol than SnO, sensors®’and a
larger response to acetone than Fe,O; gas sensors>®

All results were subjected to machine learning techniques and
achieved good accuracy (~92%) in determining the class of gas
to which sensors were exposed. The ease of production of
sensor materials, combined with the low cost of the electronics,
mean that the sensing array shows good promise for the

This journal is © The Royal Society of Chemistry 2012
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development of an electronic nose based on semiconducting
metal oxide technology.
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