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ABSTRACT

DETECTION OF ACETONE IN AIR USING SILVER ION EXCHANGED ZSM-5
AND ZINC OXIDE SENSING FILMS

Kurt Lawrence Gerfen

May 2012

Zinc oxide (ZnO) based gas sensors with sliver ion exchanged ZSM-5 (Ag*ZSM-
5) zeolite overlayer were created and tested for detection of acetone vapor in air. The
ZnO and Ag*ZSM-5 films were deposisted on 400um by 400um platinum interdigitated
electrodes on a silicon dioxide film on a silicon substrate. The microfabrication process
of the interdigitated electrodes used for the sensors is presented. The synthesis and
materials characterization of ZnO and Ag*ZSM-5 is discussed. Two types of sensors
were developed, one with only a ZnO film and the other a ZnO film with Ag*ZSM-5 film
on top.

The acetone sensitivity was examined by exposing both sensors to dry air
containing varying parts per million acetone at 350°C then measuring the resulting
change in resistance across the electrodes. Both sensors showed sensitivity to acetone in
air, however, the sensitivity in the ZnO and Ag*ZSM-5 films were greater than that of
just the ZnO film. The utilization of the ZnO and Ag'ZSM-5 films as sensor has

potential for detection of acetone in other gaseous mixtures, to include human breath.
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I. INTRODUCTION

It has been known since 1962 that absorption or desorption of a gas on the surface
of a metal oxide changes its conductivity, with this first being demonstrated using thin
zinc oxide layers [1]. These chemo-resistive properties of metal oxides have made them
invaluable in the production of gas sensors. Gas sensors are made use of in varying
applications and environments, from detecting traces of chemical warfare agents and
explosives to monitoring emissions of air pollutants. Gas sensors have in large part play
a role in the development of environmental standards and military protection procedures.
In recent years the study of microfabricated gas sensors utilizing metal oxide sensing
films have become an active research area, with varying sensor designs and the use of
different metal oxides. It has been found that different metal oxides have different
sensitivity and selectivity to different compounds, allowing for the production of sensor
arrays which can detect a wider variety of compounds [1-3].

Advancements in microfabrication techniques have allowed the production of
more portable, lower power consumption and lower cost gas sensors. These micro-gas
sensors will allow individuals serving in security and military agencies to detect trace
amounts of explosive or toxic chemicals at points of entry or on the battlefield. The use
of micro-gas sensors are now being examined in the medical field. Numerous studies
have been conducted to analyze human breath for “breath-marks” which can give

caregivers “point of care” analysis of a patient [2, 4, and 5].



Analysis of human breath has shown that while the bulk of the exhaled breath is
made up of nitrogen, oxygen, carbon dioxide, water and other inert gases, there are also
more than 3000 volatile organic compounds (VOCs) present in trace amounts. The
VOCs range in concentration from parts per trillion (ppt) to parts per million (ppm).
Some of these VOCs are ethane, pentane, ammonia, ethanol and acetone. The
concentration levels of these VOCs exhaled from a patient’s breath can be compared to
whether the patient is suffering from a disease or is healthy [4-6].

A study by G.Peng, et al. [4] has shown that there is definitive relationships |
between what VOCs are exhaled by a patient and if they have lung cancer. The figure
below demonstrates the type of VOC and the abundance in healthy controls versus lung

cancer patients.
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FIGURE 1.1 — Gas Chromatography/Mass Spectrometry of Healthy and Lung
Cancer Breath [5]

Along with detecting lung cancer, breath analysis can be used to determine type-1
diabetes. It has been shown that acetone in human breath is a selective “breath-maker”
for type-1 diabetics. Acetone, along with other ketones, like 3-hydroxybutrate and
acetoacetate are generated within the liver and are formed by the oxidation of fatty acids
and used as fuel for peripheral tissues during times of starvation, exercise, in obese
people or when insulin levels are extremely low as are seen in diabetic patients [7, 8].

The detection of these trace amounts of acetone in human breath can provide a

non-invasive technique to determining if a person has diabetes. Studies have shown that



a healthy non-diabetic has breath acetone concentrations around 0.51 ppm and lower,

where a diabetic will range from 1.76 to 3.73 ppm [9].

TABLE 1.1- ACETONE IN BREATH FROM DIABETIC PATIENTS AND
CONTROLS [9]

Patient Acetone Control Acetone
concentration (ppmv) concentration (ppmv)
1 1.87 1 0.48
2 1.81 2 055
3 2.19 3 023
4 226 4 0.52
) 203 5 0.66
6 244 6 0.70
7 250 7 044
8 2.78 8 040
9 373 9 075
10 2.30 10 031
11 1.88 11 022
12 330 12 0.48
13 1.76 13 0.80
14 2.40 14 0.59
15 2.07 15 0.54

Studies have been conducted using metal oxide sensing films to detect acetone
vapors in breath at low concentrations for medical diagnosis. The M. Righettoni et al. [2]
used a tungsten oxide based sensors in the detection of acetone in dry air and in air at
90% humidity and operating temperatures of 325-500° C. The 90% humidity was to
simulate the moisture that is present in human breath. Other groups like the Q. Qi et al.

have used ZnO with dumbbell like crystalline shapes to detect acetone and ethanol vapors

[10].



A new area of study involving metal oxide gas sensors is the use of a zeolite layer
on top of the metal oxide layer to enhance the sensitivity and selectivity of the metal
oxide gas sensors [11, 12]. Zeolites are microporous aluminosilicate structures with
varying 3-dimensional frameworks with tetrahedral molecules in the form of TO4, with T
being Silicon, Aluminum or other metal, as the primary building block. The tetrahedral
links (T-O-T) form rings which form the cages and channels that make a zeolite.
Different zeolites have pores ranging from 4 to 12 A in size, which make them great for

chemical separations [11].

FIGURE 1.2 — Tetrahedral Building Blocks [13]

ZSM-5 is a synthetic zeolite discovered by researchers at the Mobil Oil
Corporation in 1972 [14]. Its initial use was for the cracking of hydrocarbons and
separations processes in the petrochemical industry. ZSM-5 is part of the pentasil family
of zeolites, which means its Si and Al tetrahedral building blocks form a 5 member ring.

These rings then form a 10 member pore channels that intersect through the structure.



The crystalline structure of ZSM-5 is MFI, [5]®. Figure 1.3 displays the structure of

Z5M-5 [13].

FIGURE 1.3 - Diagram of ZSM-5 MFI Structure and Pore Channels [13]

The pore channels are about 5A by 5A and are sinusoidal at 150° through the structure.
ZSM-5 can also be synthesized with varying ratios of Al to Si [14]. The AlO4 and SiO4
tetrahedron in ZSM-5 share an oxygen atom within the framework and thus make it over
all negative charge. This negativity allows for varying cations to be exchanged within
the framework like Ag+, H+, NH4+ or other organic and inorganic cations. The cation
exchange ability allows zeolites to be configured as very selective catalyst for cracking of
hydrocarbons or other catalytic reactions [12, 15]. It has been shown that a copper +
cation (Cu") exchanged zeolites have the ability to activate the carbon-oxygen double
bond in acetone [16]. Other zeolite catalysts using cerium and silver cation have shown
promise in the reduction of nitric oxide by methane [17]. Y. Jan, et. al. used a titanium
dioxide layer with an H*-ZSM-5 zeolite deposited on top, for the removal nitrogen
monoxide and acetone vapors from air [18]. H. Haung et. at. was able to produce a
quartz crystal microbalance coated in a sliver ion exchanged ZSM-5 (Ag*ZSM-5) zeolite

for the detection of acetone in air [19].



In this work, the detection of acetone in dry air is examined on both a ZnO film
gas sensor and a ZnO and Ag*ZSM-5 film sensor at 350°C. ZnO and Ag'ZSM-5 were
chosen for their reported sensitivity to acetone in air. The resistance change in each of
the sensing films was observed as varying acetone in air concentrations were introduced
in to a vacuum chamber. The resulting change in resistance is then correlated to the
acetone concentration and a comparison of the sensitivity each film had to acetone. Also
a mechanism is proposed for the resistance change in the film as the acetone was

introduced.



II. MATERITALS SYNTHESIS AND CHARACTERIZATION

2.1 Zinc Oxide

Zinc oxide was prepared using a modified process similar to the Kar. J. et. al.
used to hydrothermally synthized ZnO nanorods with equimolar solutions of
Hexamethylenetetramine (HMT) and Zin Nitrate hydrate (Zn(NOs), * 6 H,O ) at 90°C
[20]. A 40 ml of a 2M solution of HMT was mixed with 40m] of a 2M solution of
Zn(NOs), * 6 H>O. The resulting solution was stirred for 10 minutes then placed in a
Ney Vulcan 3-550 Oven for six hours at 95°C. The precipitate was then washed with
deionized (D.1.) water 5 times and allowed to dry at room temperature for 12 hours. The
powder was further dried at 100°C in the oven for 8 hours and finally calcinated at 400°C
to remove all HMT from the resulting powder. 2.1242 grams of ZnO powder was
synthesized leading to a 28% yield. The repeated washing and powder recovery methods
used, account for most of loss of the ZnO.

The ZnO was characterized by X-ray Diffraction (XRD) and Scanning Electron
Microscope (SEM). The XRD was conducted using a D8 X-Ray Diffractometer
available in the University of Louisville Conn Center. Figure 2.1 is the XRD pattern for
the synthesized ZnO for a 20 range of 5° to 90°. The crystalline peaks in the synthesized
Zn0O were similar to reported XRD patterns for monophasic ZnO with hexagonal

structure [21].
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FIGURE 2.2 — XRD of Monophasic ZnO with Hexagonal Structure Created at Different
Synthesis Temperatures [21]

SEM images were taken using a Nova 600 FEGSEM, in which the hexagonal structure

can be seen. The syntheses ZnO particles are less than 500nm in size.



FIGURE 2.3 — SEM Image of Synthesized ZnO

2.2 Ag" ZSM-5

The Ag*ZSM-5 powder was prepared using a prefabricated ZSM-5 powered from
Zeolyst Ltd. (Product I.D. # CBV 5524G). The ZSM-5 powder had a SiO»/Al,03 ratio of
50, with a nominal cation form of Ammonium. The ZSM-5 powder was ion exchanged
in the same manner as prescribed by the H.Haung et. al. [19]. ZSM-5 has a Cation
Exchange Capacity (CEC) of 2.07 meq/g which allows for a maximum Ag" cation
loading of 0.223g per gram of ZSM-5 [22]. A 1M solution of Silver Nitrate (AgNO3)
was made by combining 5.0971g of AgNO; with 30ml of D.I water. Then 1.999¢g of
ZSM-5 powder was added to the IM AgNOj solution and heated to 70° C for 5 hours in
an oil bath. The powder was washed 5 times with D.I water and allowed to dry at room

temperature for 12 hours. The powder was then dried at 100°C for 8 hours. 1.3689g of



Ag"ZSM-5 powder was recovered with a 68.5 % yield. The repeated washing and

powder recovery methods used account for the loss of the ZSM-5.

FIGURE 2.4 — Ag"ZSM-5 Ton Exchange Set up

The Ag"ZSM-5 powder was also characterized by XRD, SEM and Brunauer,

Emmett, and Teller (BET) isotherm data. Figure 2.5 displays the XRD patterns for the

Ag"ZSM-5 and the original ZSM-5 powders for a 20 range of 5° to 90°.

11
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FIGURE 2.5 — ZRD Pattern for ZSM-5 and Ag"ZSM-5

The XRD pattern for the Ag* cation exchanged ZSM-5 showed the same pattern as that
of other documented ZSM-5 zeolites [23]. Figure 2.6 displays a closer view of both the
ZSM-5 and Ag+ZSM-5 for a 26 range of 30 to 80. The pattern for Ag+ZSM-5 (8.8wt.%
loading) shows similar peaks at the same range as the Swt.% and 10wt. % patterns seen in
Figure 2.7. It can be inferred from the patterns in Figures 2.5 and 2.6 compared to those
in Figure 2.7 that the MFI structure was preserved during the ion exchange process, and

the 8.8 wt. % loading of Ag" is still to low to appear in XRD.

12
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20

FIGURE 2.6 — XRD patterns of HZSM-5 (a) and Ag-ZSM-5 with various
Ag loadings of 2 wt. % (b), 5 wt. % (c), 10 wt. % (d), and 15 wt. % (e) [23]
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a. | | b.
FIGURE 2.7 - SEM Ag*ZSM-5 a. Low Magnification Image b. High Magnification
Image

SEM images of the Ag"ZSM-5 powder were obtained using the Nova 600 FEGSEM and
show a particle size less than 300nm BET was performed using a Micrometrics Tri-Star
Surface Area and Porosity Analyzer. The Ag"ZSM-5 has a surface area of 329.785 mzlg
Figure 2.8 is a plot of the isotherm data for synthesized Ag"ZSM-5 powder. The
reported BET data from Zeolyst Ltd. For the original ZSM-5 powder was 425 m?/g,

which indicates that the Ag* cation reduced the surface area of the ZSM-5.

14
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ITII. SENSOR FABRICATION

3.1 IDE Design

The interdigitated electrodes (IDE) were designed utilizing the Computer Aided
Design (CAD) program L-Edit. L-Edit allows for the design of photomasks for use with
photolithography. First, 3 different geometric shapes IDEs were created; circular, square
and trapezoidal. All IDEs were designed to fit into an area of 400pum by 400um with
20pum wide and 3000pm long interconnects leading to 3mm by 3mm contact pads. The
circular and square designs had diode fingers with varying widths of 5, 10, 15 and 20 um
with similar spacing among the fingers. Figure 3.1 displays the Sum finger Circular (a)

and the Sum finger Square (b) IDE designs.

FIGURE 3.1 — L-Edit Images IDEs, a. Sum Finger Width Circular b. Sum Finger Width
Square

16



The trapezoidal designs had fingers that are trapezoids. Four different trapezoids were
designed; a Spum top with a 20um base, a Spm top with a 20pum base, a 10pum top with a
20um base, and a 10um top with a 40um base. The trapezoid fingers were then laid out

in a similar pattern as the square IDE which is displayed in Figure 3.3.

=

FIGURE 3.2 — L-Edit Image of Trapezoid Finger 5Spm Top and 20pm Base.

The IDEs were then organized into sets of 4 as seen in Figure 3.3 and then placed
in an arrangement as to fit onto a standard 4 inch silicon wafer. Figure 3.4 is an image of
the final photomask layout. The resulting file was then submitted to the University of

Louisville Cleanroom staff for production into a photolithography mask as seen in Figure

3.3

17



FIGURE 3.3 — Circular IDE Set

FIGURE 3.4 — L-Edit Image of Final Layout for Mask Production
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»

FIGURE 3.5- IDE Photomask

3.3 IDE Fabrication

The IDEs were fabricated utilizing the microfabrication technique known as lift-
off. In lift off a sacrificial layer is deposited on the substrate, patterned, another layer like
metal deposited and then the sacrificial layer removed with the metal layer remaining.

Figure 3.6 is a process flow diagram of the lift off process used to make the IDEs.

19
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FIGURE 3.6 — IDE Fabrication Process Flow Diagram

A standard 4 inch diameter silicon (Si) wafer (step a) was coated in LOR-3A, a
lift promoting resist, and then coated in Shipley 1813 positive photoresist using spin
casting (step b). At the recommend spinner settings for LOR-3A and Shipley 1813 an
approximately 1.3um thick layer of photoresist was deposited on the wafer. The wafer
was then placed into a Suss MA6/BA6 Mask Aligner and exposed to ultra violet (U.V.)
light for 9 seconds, using the dark field mask in Figure 3.5 (step ¢). The U.V. light
causes the positive photoresist to sinter in the areas exposed. The wafer was then placed
into a bath of MF319, a photoresist development solution, for about 30 seconds. The
wafer was inspected for the complete development of the exposed photoresist to ensure
that IDE features would turn out functional. The wafer was then sputtered with platinum

(Pt) using a Kurt J. Lesker PVD 75 DC Sputter (step d). To promote the Pt adhesion to

20



the Si0O, layer a thin layer of nickel (Ni) was deposited prior to sputtering the Pt. The Ni
was sputtered for 1 minute and the Pt for 4 minutes, which resulted in a 1630A or 163nm
thick Pt/Ni layer. The wafer was then placed in to an N-methylpyrrolidin (NMP) bath
with agitation for 24 hours to complete the lift off process (step e). Figure 3.7 is an

image of the wafer after liftoff process.

FIGURE 3.7 — Wafer after Liftoff

The individual IDEs were then inspected for completeness of the lift off process using a

ZEISS Axioskop Optical Microscope. Figure 3.8 displays images of the completed IDEs.
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FIGURE 3.8 — Images of Complete IDEs: a. Sum Circular Fingers, b. Sum Square
Fingers, ¢. 20um Circular Fingers with Interconnects, d. Spm Top 20pm Base Trapezoid
Fingers

To complete the IDE fabrication process the wafer was then diced into 1 cm by 1 cm

chips.

3.3 Sensing Film Deposition

The ZnO and Ag*ZSM-5 powders were deposited over the IDEs by use of a
modified screen printing process. In this process each material was added to a mixture of
4 parts ethyl cellulose and 1 part tarpinol creating a homogeneous “ink” for printing. Two
inks were created; a ZnO “ink” and an Ag"ZSM-5 “ink”. To deposit the ZnO film, a

dropper was used to deposit about a 20l droplet of ZnO ink over the IDE. The IDE was
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then placed in a Ney Vucan 3-550 oven at 600°C for 2 hours to calcinate the organic
compounds of the ink and promote adhesion. Figure 3.9a shows an optical image of a
ZnO film on a 5um Finger Square IDE. To add the Ag"ZSM-5 film the same process
was repeated to deposit a ZnO film, and after calcination, about a 20ul droplet of the
Ag*"ZSM-5 ink was placed over the ZnO layer as seen in Figure 3.9b. The IDE was again
placed in the oven at 600°C for 2 hours to remove all the organics and aide in the
adhesion of the layers to the Pt IDE. SEM images of the deposited layers show that
approximately a 20-30um thick layer of ZnO was deposited and about a 5-10um thick

Ag*"ZSM-5 layer, as seen in Figure 3.10.

FIGURE 3.9 — Deposited Sensing Films, a. ZnO Film on Spum Width Finger Square IDE
b. ZnO and Ag+ZSM-5 Film on Sum Width Finger Square IDE
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FIGURE 3.10 — SEM Image of ZnO and Ag"ZSM-5 Film
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IV. EXPERIMENT

Each sensor was placed into a vacuum chamber to examine its ability to detect
acetone in air. The chamber has a 0.5 ohm (€2) resistive heater and two probes for
measuring the resistance across each sensor as it is exposed to acetone. Figures 4.1 and

4.2 are diagrams of the chamber setup.

Probes ~«._ __
Heater ~- _
Tedlar Bag Valve 1
Valve 2

Vacuum Pump

FIGURE 4.1- Vacuum Chamber Setup Diagram
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Thermocouple
Sensor

Probes
Heater

FIGURE 4.2- Vacuum Chamber

The output of the heater was controlled using a BK Precision 1745A Power
Source. The sensor temperature was monitored using an Omega HH806AU Temperature
Readout connected to a K-type thermocouple in the chamber. The probes were
connected to a Keithley 2400 Mulitimeter and resistance reading recorded using a
Labview program. The Labview program allowed for the output voltage to be set and a
pulse was sent from the multimeter to the sensor every second and a resistance calculated
based on the return current reading. Figure 4.3 displays the interface of the LabView

control program.
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FIGURE 4.3 — LabView Control Program Interface

The acetone mixtures were prepared using a SL Tedlar bag. The bag was initially
filled with a dry compressed air then a determined amount of acetone was injected using
a micro syringe into the bag and allowed to vaporize. The table below displays the
required volume of acetone injected into the SL Tedlar bag to make the required parts per

million acetone to air mixture.

TABLE 4.1 ACETONE CONCENTRATIONS IN AIR

pL of Acetone need in | Resulting PPM Acetone
5L of Air Mixture
0.60 40
3.00 200
6.00 400
30.01 2000
60.02 4000
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To test the sensors response to the acetone gas mixtures, the sensor was placed on
the heater in the chamber, the probes connected to the contact pads of the sensor and the
chamber sealed. The pressure in the chamber was then pumped down to approximately
-30 torr, and heated to a 350°C operating temperature. The multimeter was set to provide
a constant source voltage of 5 Volts, and measure the resulting resistance across the
sensing film. The resistance across the film was allowed to stabilize at vacuum which
was indicated by a relatively straight line resistance. At that point, Valve 2 was closed
and Valve 1 opened, (Valves 1 and 2 are shown in Figure 4.1) allowing the gas mixture
into the chamber. The resistance was allowed to again stabilize and recorded. Valve 1
was closed and Valve 2 opened to evacuate the chamber and allow the sensor resistance
to stabilize again. This process was repeated until the sample from the Tedlar bag was
completely exhausted. Figure 4.4 displays the data gathered, testing 40 ppm acetone in

air on the ZnO film.

28



Chamber evacuated Chamber evacuated Chamber evacuated

~

2500

2000

Reistance (kQ)
g

1000

500 { \ \ \
Acetone mixture added Acetone mixture added Acetone mixture added

0
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FIGURE 4.4 — ZnO Film Test Data in 40 ppm Acetone at 350°C
To regenerate the sensing film on the sensors, they were placed on a hotplate at
540°C for one hour after each test run. Regeneration of the film was confirmed by the
achieving a similar starting resistance on the next test runs.
For this work only two of the Sum square IDE configurations were examined, one
with a ZnO film and the other with a ZnO and Ag"ZSM-5 film. Each sensor was

examined at 0, 40, 200, 400, 2000, and 4000 ppm of acetone in air.
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V. RESULTS AND DISCUSSION

5.1 ZnO Sensing Film

It was found that as the concentration of acetone in air was increased the
resistance of the ZnO sensing film decreased. This was based off the control sample, of
the resistance a crossed the ZnO sensing film for air (O ppm acetone). Figure 5.1 displays
the difference in resistance in air to that of 0.1 ppm acetone on the ZnO sensing film. All

other charts for the ZnO sensing film are presented in Appendix A.

10000.00

9000.00

8000.00

7000.00

4000.00

3000.00

2000.00

1000.00

0.00
0.00 100.00 200.00 300.00 400.00 500.00 600.00 700.00 800.00 900.00 1000.00
Time (s)

FIGURE 5.1 — ZnO Resistance in Air and 40 ppm Acetone at 350°C
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To analyze the sensitivity of the ZnO sensing film, the initial resistance peak in
every test run was chosen for comparison between the other runs. This method was
chosen because it represented the most ideal condition for detection, which is the first

exposure following regeneration. Figure 5.2 displays all the initial peaks from all the test

runs for the ZnO film.

4500.00

4000.00

3500.00

—— Air
3000.00

—+—40ppm

—#—200ppm
2500.00

Resistance (kQ)

——400ppm

—— 2000ppm
2000.00

—&—4000ppm

1500.00

1000.00

0.00 50.00 100.00 150.00 200.00 250.00 300.00 350.00 400.00 450.00 500.00
Time (s)

550.00

FIGURE 5.2 — Initial Peaks for All Test Runs for the ZnO Film

The R, for the ZnO sensing film was chosen as the average resistance at the first
peak of test run for air, which was 4151.12 kQ. The resistance (R) for the other runs was
calculated by taking the average of the first peaks of each run. The Response of ZnO

sensing film at each of acetone concentration levels was calculated as the ratio of R/R.
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TABLE 5.1 ZnO FILM RESPONSES

Acetone Conc. (ppm) Response (R/R,)
0 1.00
40 0.63
200 0.40
400 0.26
2000 0.22
4000 0.21

A plot of the Response versus acetone concentration displayed a second order
polynomial relationship as the concentration increase from 0 to 400 ppm. At 400 ppm
the relationship changed to a more linear trend. Below are the equations for the
respective concentration limits. The R values for the two equations are 90.87% and

91.7% respectively.

0 to 400 ppm: Response = 6x107° x (Conc.)? — 0.0039 (Conc.) + 0.9054 Eqn. 1

400 to 4000 ppm: Response = —1x10~> x (Conc.) + 0.2609 Eqn. 2
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y = 6E-06x’ - 0.0039x + 0.9054
R* =0.9087

Response (R/Ro)
&

o y = -1€-05x+ 0.2609
R*=0.917

02 T RS R R e sl

01

0 500 1000 1500 2000 2500 3000 3500 4000 4500
Acetone Conc. (ppm)

FIGURE 5.3 — Plot of Response vs. Acetone Concentration for ZnO Film

5.2 Ag"ZSM-5 and ZnO Sensing Film

The ZnO film with the addition of a Ag"ZSM-5 film showed a similar resistance
pattern as with the ZnO film, that as the concentration of acetone was increased in the
chamber the resistance across the film decreased. However, the addition of the Ag"ZSM-

5 film produced considerably smaller resistance peaks than those observed of the just the

ZnO film.
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TABLE 5.2 PEAK RESISTANCES FOR ZnO FILM AND ZnO & Ag*ZSM-5 FILM

Acefone Difference Between
Concentration ZnO (kQ) ZnO and Ag'ZSM-5 (kQ) P
eaks (kQ)
(ppm)
0 4151.11 815.95 3335.16
40 2599.31 617.97 1981.34
200 1663.52 494,92 1168.60
400 1080.16 136.39 943.77
2000 930.60 58.36 872.24
4000 866.82 18.94 847.88

Figure 5.4 displays the resistance peaks for both the ZnO film and the combined

ZnO and Ag*ZSM-5 films exposed to a 40 ppm acetone sample.

2500

Resistance (kQ)
g

—t—Ag+ZSM-5 and ZnO
~&=7n0

0 200 400 600 800
Time (s)

1000 1200

FIGURE 5.4 — ZnO Film and ZnO and Ag*ZSM-5 Film Resistance in 40 ppm Acetone at
350°C

For concentrations lower than 40 ppm the resistance initially increased when the

sample was introduced into the chamber for both the ZnO layer and ZnO and Ag*ZSM-5
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films. However at 400 ppm and great concentrations of acetone the resistance of the ZnO
and Ag+ZSM-5 film decreased. Figure 5.5 is the resistance for the ZnO and Ag"ZSM-5
for the 1ppm acetone in air mixture. A similar pattern was seen for the 2000 ppm and
4000 ppm samples. All charts the ZnO and Ag*ZSM-5 film are presented in Appendix

B.

500

Vacuum

400 M Acetone introduced
g

g Acetone introduced

§ 0 Acetone introduced Acetone introduced
v

=

Vacuum

Vacuum Vacuum

FIGURE 5.5 — ZnO and Ag*ZSM-5 Film Resistance in 400 ppm Acetone at 350°C

The same method of using the initial peaks to analytically compare the different
resistances of the ZnO film at the varying acetone concentrations was applied to the
resistance of the ZnO and Ag"ZSM-5 sensing film. Table 5.3 displays the calculated

Response for the ZnO and Ag"ZSM-5 film, with a R, value of 815.95 kQ.
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TABLE 5.3 — ZnO AND Ag*ZSM-5 FILM RESPONSE

Acetone Conc. (ppm) Response (R/R,)
0 1.00
40 0.76
200 0.61
400 0.17
2000 0.07
4000 0.02

A plot of the Response versus acetone concentration displayed a linear
relationship as the concentration increase from 0 to 400 ppm. At 400 ppm the
relationship changes to a linear trend with a smaller slope. Below are the equations for
the respective concentration limits. The R? values for the two equations are 95.32% and

93.8% respectively.

0 to 400 ppm: Response = —0.0019 X (Conc.) + 0.9336 Eqn. 3

400 to 4000 ppm: Response = —4x10~° x (Conc.) + 0.1712 Eqn. 4
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y = -0.0019x+ 0.9336
R*=0.9532

L | y = -4E-05x + 0.1712
e 4 R =0.938

e

0 500 1000 1500 2000 2500 3000 3500 4000 4500
Acetone Conc. (ppm)

FIGURE 5.6 — Plot of Response vs. Acetone Concentration for ZnO and Ag+ZSM-5
Film

5.3 Sensing Film Response Comparison

A comparison of the Responses of the two sensing layers displays that at
concentrations lower than 1ppm the ZnO with the Ag+ZSM-5 sensing film has a higher
Response than that of the ZnO sensing film. The resistance drop at 400 ppm and higher
acetone concentrations for the ZnO and Ag+ZSm-5 sensing film, explains why the

Response for the ZnO and Ag+ZSM-5 was smaller than that of ZnO.
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TABLE 5.4 —- RESPONSE PERCENT DIFFERENCE FOR ZNO SENSING FILM AND
ZNO AND AG+ZSM-5 SENSING FILM

ZnO and
Acet((;)l;fm(ionc. (ﬁ?l?o) Ag+ZSm-5 Percent Difference
(R/R,)
0 1.00 1.00 0.00
40 0.63 0.76 17.32
200 0.40 0.61 33.93
400 0.26 0.17 -55.67
2000 0.22 0.07 -213.42
4000 0.21 0.02 -799.53
1 T Air
V + 40 ppm
0.7 oo
_0s + 200 ppm # Zn0 and Ag+ZSM-5
é mZno
%05
:
Y # 200 ppm
. @ 400 ppm
- @ 2000 ppm ® 4000 ppm
4 400 ppm
= 4 2000 ppm
. 4 4000 ppm
0 500 1000 1500 ::::,,.. e (::)“o) 3000 3500 4000 4500

Figure 5.7 — Response Comparison for ZnO Film and ZnO and Ag+ZSM-5 Film
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5.4 Discussion
The proposed mechanism that accounts for the drop in resistance in both sensing
films is that as acetone is absorbed on the surface the carbon-oxygen double bond (C=0)

donates its electrons to the film and increase the flow of electrons through the film.

Y{_(Y/L

[ sarace

e Electron flow (1)

FIGURE 5.8 — Acetone Absorption and Electron Transfer to Film

The lower resistance observed in the ZnO and Ag*ZSM-5 film versus the ZnO when
exposed to acetone in air is twofold. First, the acetone has a molecular size about 3.08A
and can easily fit into the SA pores of the Ag*ZSM-5 and because of the intersecting
channels within the ZSM-5 structure the acetone molecules can be retained longer within
the film. Along with the trapping effect of the channels, the Ag*cation enhances the

release of electrons from the C=0 bond into the ZnO film.
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FIGURE 5.9 — Acetone Molecules within ZSM-5 Channels

To confirm the mechanism of the acetone as the primary contributor of electrons
to the sensing film, the ZnO and Ag+ZSM-5 film was examined in a Ippm acetone
concentration in pure Argon (Ar) gas. A similar resistance drop occurred as with the 400
ppm acetone in air sample. Figure 5.10 displays the resistance change across the ZnO
and Ag+ZSM-5 film in a 400 ppm acetone in Ar. Acetone being the only active
molecule in the mixture, it can be concluded that the electron transfer from the C=0 bond

is the reason for the decrease in resistance in the film.

FIGURE 5.10 — ZnO and Ag*ZSM-5 Film Resistance in 400 ppm Acetone in Ar Gas at
350°C
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VI. CONCLUSION

The ZnO film and ZnO and Ag*ZSM-5 film both displayed a response to varying
acetone concentrations in air. The ZnO film had a second order polynomial relationship
for acetone concentrations lower than 400 ppm and a linear relationship for higher
concentrations. The addition of an Ag*ZSM-5 layer to the ZnO gas sensing film
increased the sensitivity to acetone. The response relationships changed to linear at low
concentrations as well as at higher concentrations. The change in response to acetone
was especially significant at 400 ppm and higher concentrations.

The adsorption of acetone and activation of the C=0 leading to subsequent
electron transfer to the film explains the decrease in resistance as the acetone
concentrations were increased for both films. The Ag+ cation and the trapping
capabilities of the ZSM-5 allowed for larger resistance decrease with the addition of the

Ag+ZSM-5 film.
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VII. RECOMMENDATIONS

Further studies are need before the ZnO and Ag"ZSM-5 sensing film could be
applied to diagnosis of diabetes from human breath. First the film will require further
testing of various acetone concentrations to determine the film’s Limit of Detection
(LOD). Then the film’s selectivity to acetone will need to be examined using mixtures of
acetone in air with other compounds found in human breath, like alkanes, carbonyl
compounds, aromatics and varying moisture levels.

The mechanism of the acetone absorption and the transfer of the electrons from
the C=0 bond into sensing film will need to be examined in detail including the effect of
the ZSM-5 zeolite. Also the use of the metal cation within the ZSM-5 framework needs
to be examines using varying metal cations and observing their effect on the response to
acetone.

In order to examine the practicality and cost effectiveness of making a sensor with
the ZnO and Ag*ZSM-5 film, the acetone response will also have to be examined at
various operating temperatures ranging from ambient temperature to 400°C. These tests
would allow for a sensor to be fabricated with a microheater built into the sensor, which

at the current level of micro-technology are able to produce temperature ranging from

100 to 400°C.
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APPENDIX A

ZINC OXIDE FILM CHARTS
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FIGURE A.1 — ZnO Film Resistance in Air at 350°C
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FIGURE B.1 — ZnO and Ag"ZSM-5 Film Resistance in Air at 350°C
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NOMENCLATURE

Nomenclature Description Unit
1 Current A
L Length m
R Resistance Q
T Temperature C
T Thickness m
v Voltage \Y%
Vol Volume L
w Width m

PPM Parts per Miilion ppm
t Time s
M Molarity (moles/liter) M
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