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Reported here is a novel sensor that utilizes a zeolite film to selectively limit gas exposure of
the sensing surface. A unique amperometric sensor design based on a non-porous mixed
conducting sensing electrode enables the formation of a continuous zeolite film covering
the entire sensor surface. The sensor was tested in a variety of oxygen containing gases.
The sensor without a zeolite film responded strongly to both oxygen and carbon dioxide at
a bias of 1.8 V. In contrast, the sensor coated with a zeolite film showed a discernable, but
diminished response to oxygen, and a more marked drop in response to CO, indicating that
the diffusion of oxygen through the zeolite film is preferential to that of CO,. The response
of the zeolite coated sensor to a mixture of oxygen and carbon dioxide gases is attributed
primarily to the oxygen content. Expanding this concept using a variety of different zeolite
structures covering an array of sensors, complete analyses of complex gaseous mixtures
could be performed in a very small device. © 2003 Kluwer Academic Publishers

1. Introduction

The automotive marketrelies on gas sensors for the con-
trol of combustion to attain increased fuel efficiency,
reduced emissions, and adequate power [1]. This is
particularly important in these times of diminishing
oil supplies and global warming. Lean-burn combus-
tion [2] holds promises to reduce CO;, a necessary
by-product from hydrocarbon fuels, where the amount
of fuel is limited to no more than the stoichiometric
amount for combustion. Efficiencies improve signif-
icantly and the amount of CO, emitted is decreased
based on similar power consumption. The drawback
to lean burn engines is that they produce high levels
of NO, [3]. It is supposed that rigorous control of the
engine could find a fine line where both high fuel ef-
ficiency with minimal CO; output and low levels of
NO, emissions is possible, but current oxygen sensors
are not sensitive enough in the lean-burn range [4].

Many sensor designs rely on a response based on the
reduction or oxidation of the gas present near the sensor
surface. While some sensors have enhanced selectivity
based on surface treatments [5-7], few can claim to
have true gas selectivity. Selectivity allows the distinc-
tion between reducing gases such as nitric oxide from
others such as hydrocarbons. Ideally, a sensor, or array
of sensors, would make it possible to quantify all or
nearly all gases in a complex gas mixture as would be
seen in many combustion processes.

To achieve this goal, sensors of high selectivity are
needed. Among many approaches that have been tried,
one very promising one is the combination of elec-
trochemical and molecular sieving effects to effec-
tively separate gaseous species. The success of this
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approach depends not only on the development of a
high sensitivity amperometric oxygen sensor based on
mixed conducting membranes but also on fabrication
of a full-coverage zeolite perm-selective membrane
for gas filtering. To this end, an amperometric sensor
has been developed which is composed of an oxygen-
transporting zirconia electrolyte and a mixed conduct-
ing electrode system. The sensing electrode is produced
from a zirconia-platinum composite that is still electro-
chemically active when polished to a smooth surface.
This surface accommodates the deposition and growth
of a zeolite membrane that provides selectivity of the
gaseous species to which the sensor is exposed.

Creating the proper interaction zone in the electrode
is of prime importance. The electrode must have suffi-
cient contact between both ionic and electronic conduc-
tors, for it is only where these phases meet that reactions
can readily occur. The region where the ionic conduct-
ing and electronic conducting phases meet the chemical
environment is known as the triple phase boundary. In a
typical electrochemical system, including sensors, fuel
cells, and batteries, the triple phase boundaries are ex-
panded in two ways. The first is the use of highly porous
electrode materials to maximize the contact with the
chemical environment. The second method is the uti-
lization of mixed conducting materials.

In this case, the triple phase boundary cannot be ex-
panded through the use of high porosity, since the sur-
face must be smooth to be best suited to zeolite applica-
tion. In fact, the exact opposite happens in the smooth
electrode, the triple phase boundary is minimized. If a
typical metallic electrode were used, the triple phase
boundary would go to zero. The mixed-conducting
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electrode is then, the only way to introduce ionic and
electronic conducting elements into contact with the
chemical environment to allow the sensor to operate.
The processing conditions for the zeolite and the op-
erating environment limit the usefulness of traditional
mixed-conducting single-phase ceramics and lead to a
composite of two very durable materials. The compos-
ite used is composed of platinum and yttria stabilized
zirconia (YSZ). The platinum is an electronic conduc-
tor and the YSZ phase conducts oxygen anions from
the electrochemical reaction sites at the surface. This
composite material suits the need for high chemical
durability, smooth surface, and process compatibility
with the zeolite.

Zeolite is a naturally occurring mineral with the
unique property of having a molecularly uniform
porous structure. Their general form is that of alumino-
silicates with many variants being developed since the
early days of synthetic zeolite. In the specific case of
zeolite A, the crystals are grown in a hydrothermal syn-
thesis process that involves dissolved aluminum and
silica sol. Sodium hydroxide is necessary as the ba-
sic templating agent around which the zeolites assem-
ble. In typical processing, the crystals are near perfect
cubes, well under 1 micron in width. Under condi-
tions of added growth medium or nucleation deterrents,
larger crystals can be formed since the growth of crys-
tals follows the laws of thermodynamics as they apply
to crystal growth [8]. Under the right conditions, crys-
tals as large as 50 microns can be grown on earth or up
to 85 microns in low earth orbit micro-gravity [9].

Several other research groups have worked with ze-
olites to create selective gas sensors. One interesting
approach was the measurement of dielectric constant of
zeolite crystals with selectively adsorbed gases within
the channels [10]. Another approach [11] used a zeolite
membrane to selectively limit gases involved in a con-
trolled combustion to determine concentration of var-
ious hydrocarbons. Similar to the latter approach, our
sensor uses the concept of gas flow through a selective
zeolite membrane, but utilizes the direct measurement
of an amperometric sensor.

Amperometric sensor designs have not yet seen as
widespread use as either potentiometric electrochemi-
cal sensors or sensors based on semi-conducting oxides
in spite of their marked advantages. Most designs are
based on yttria-stabilized zirconia used as an oxygen
anion conductor. As such, oxygen-containing species
that encounter the electrode surface of the sensor may
dissociate and allow the oxygen anions to permeate
through the YSZ electrolyte. This permeation is slow at
room temperature and only becomes significant at tem-
peratures above 400°C. Electrons freed in the transition
from oxygen molecule to oxygen anion then travel from
the electrode through an external circuit where they may
be counted and attributed to the gas interaction at the
sensor surface. To facilitate that all gaseous species of
interest that encounter the sensor surface do dissociate
and get counted, an electrical bias is placed across the
two sides of the cell which drives the oxygen through.

The amplitude of the applied voltage depends on
the energy required to dissociate the specific oxygen
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containing gaseous species. By choosing a set voltage
or sweeping the voltage applied, the response to a sin-
gle oxygen-containing component can be determined.
The signal measured is a current, which is proportion-
ally linear to the number of gaseous species dissociated
into oxygen anions. The measurement, however, must
be performed under the conditions that the current pass-
ing through the cell is limited by mass transfer, hence
the name, diffusion limiting sensor.

This requires that the gas contacting the sensor be of
low partial pressure for the species of interest and others
that may interfere. To accomplish this, two approaches
have been used. The firstis to utilize a diffusion-limiting
hole in a solid membrane, which sits above the active
electrode of the sensor. This allows the cell to pump
away oxygen faster than it can diffuse through the hole.
The second approach is to use a two-chambered cell.
Gas entering the first chamber is pumped at a con-
stant rate to reduce the amount of oxygen or interfering
gas species. The remaining gas then enters the second
chamber where the gas partial pressure is measured.
Both of these approaches will prolong response time
and produce complex responses as the gas composition
changes.

A new approach has been realized through the uti-
lization of a mixed conducting membrane that serves
not only as the electrode, but also as the diffusion bar-
rier, eliminating diffusion holes or secondary pumping
chambers [12]. In this case, the sensing electrode is
a mixed conducting composite consisting of platinum
and YSZ. The composite is developed to have connec-
tivity of both phases in three dimensions, allowing for
the simultaneous transport of both electrons and oxygen
anions as is required at the electrode of an electrochem-
ical cell. The gas interactions will only be viable if they
occur near the phase boundaries on the surface of the
electrode.

2. Experimental

2.1. Amperometric sensor fabrication

The creation of a new sensor begins with new mate-
rials. Many of the materials used in the sensor were
created expressly for this application using novel syn-
thesis techniques to obtain uniquely tailored properties.
Schematically shown in Fig. 1 is the sensor developed in
this study. The basic amperometric sensor is composed
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Figure 1 Schematic of amperometric sensor design with perm-selective
zeolite membrane.



of a concentrically layered and uniaxially pressed tri-
layered structure containing yttria-stabilized zirconia
(YSZ) and platinum. The YSZ was derived from two
sources. The first source is Tosoh spray dried zirconia
(TZY8) and the second is a finely synthesized zirco-
nia produced using a proprietary precipitation/glycine-
nitrate process. Similarly, the platinum was also pro-
duced as a fine, nanometer powder using the glycine
nitrate process.

Upon producing the necessary precursor powders
for the sensor, electrodes containing an YSZ-platinum
composite were pressed into thin (0.2 mm thick) pellets
using a 10 mm die. The electrolyte layer of the ampero-
metric cell was produced by pressing YSZ powder into
the center of a 13 mm die. By carefully removing the
punch from one end of the die, the pre-pressed 10 mm
composite electrode was placed on top of the electrolyte
and the remaining circumference of the die was filled
with YSZ. Repeating the process for the opposite side
yielded the structural basis for the amperometric sen-
sor. The sensor pellets were fired to a temperature of
1500°C for 4 h. The surface of the pellets were polished
to provide a smooth surface for zeolite deposition and
to expose the back of the sensing electrode for wire
attachment.

2.2. Zeolite synthesis
Zeolite crystals were grown by hydrothermal synthe-
sis, beginning from aluminum flake (Aldrich), sodium
hydroxide (Baker), tetramethylammonium hydroxide
(TMA, Aldrich) and HS40, a colloidal silicate solution.
Silicate and aluminate solutions were combined to form
the crystallization solution similar to the method em-
ployed by Tsapatsis and Boudreau [13]. This solution
was immediately placed in a Teflon container inside a
pre-heated stainless steel pressure vessel (Parr 200 cc)
with a magnetic stir bar and sealed. The vessel was
then placed in an oil bath on a hot plate modified to
control the oil temperature. The oil bath was controlled
at 80°C and the solution was stirred continuously inside
the sealed pressure vessel via a magnetic stirring bar.
The solution was recovered from the pressure ves-
sel after 2 to 3 days and separated by centrifuge. The
centrifuge separated the zeolite crystals from the re-
maining growth solution, which was then discarded.
Distilled water was added to the zeolite crystals, which
were put into suspension with the aid of an ultrasonic
probe. The separation and dilution process continued
until the suspended solution had a pH between 10.0
and 10.5.

2.3. Zeolite deposition
The zeolite solutions produced are diluted to a level of
1 g of zeolite per 150 g of distilled water. The dilute
zeolite solutions were placed on the active sensor sur-
face by the use of a dropper. Typically, a 1 cm diameter
sample received 1 to 1.5 g of dilute solution to create
near monolayer zeolite coverage.

The sensor with the solution covering its surface was
placed in a covered petri dish for a period of 3 days
to allow slow settling of the particles on the surface.
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The dish was opened for 30 min each morning then
resealed. On the third morning, the dish was opened and
the remaining solution was allowed to air dry. On the
fourth day, the dry sample was rinsed with de-ionized
water from a wash bottle for about one minute.

2.4. Zeolite film growth

The zeolite regrowth solution is similar to the origi-
nal growth solution except that it contains more silica
and water. The solution is 4.1 (TMA),0:0.35 Na,O:1
Aly03:4.4 Si0,:706 H,0. The solution was prepared
in a manner similar to that used to grow the crystals,
first producing a sodium aluminate solution to which a
silicate solution is added.

The sensor substrates, which have already undergone
the deposition of a zeolite seed layer, are placed in the
bottom of the pressure vessel with their zeolite side
up. About 75 grams of regrowth solution was added
to the vessel. The pressure vessel was then sealed and
placed in an oven for 2 days at 80°C. After 2 days,
the growth solution was replaced with fresh growth so-
lution and the vessel was sealed and heated another
two days. Sensor samples were rinsed thoroughly with
deionized water before adding silver lead wire exten-
sions and testing.

2.5. Characterization

A variety of characterization techniques were used
throughout the sensor fabrication to assure that the fi-
nal product was a viable sensor. X-ray diffraction was
carried out using a Philips PW 1800 on the precursor
powders used for the base sensor as well as the zeolite
crystals, before and after deposition. A Hitachi S-800
field emission microscope was crucial to the analysis of
the zeolite crystals, depositions and films produced and
was also used for analysis of the sensor microstructures.

2.6. Performance testing

Sensors were evaluated for sensitivity to gaseous
species and selectivity. The apparatus for testing con-
tained mass flow controllers for portioning the gaseous
mixtures and a tube furnace to maintain the sensor tem-
perature in a uniform atmosphere. The sensor sample
was placed in the furnace and heated to a stable 600°C.

The atmosphere was controlled through three mass
flow controllers and switching valves which allow vari-
ous gases to flow to each mass flow controller. The nom-
inal scale on two of the mass flow controllers was 0 to
200 sccm and O to 20 sccm for the third. The gases
available for use included high purity (Air Products
UHP, 99.995% purity) oxygen, nitrogen, and argon.
Also used were 1% oxygen in nitrogen, air, 1000 ppm
NO in argon and CO,. All gases were supplied at 40 psi,
and were calibrated in each mass flow control before
experimentation started.

Lead wires from the sensor exited the sealed tube and
were attached to an EG&G 273A potentiostat. The po-
tentiostat was used to apply a bias to the cell while mea-
suring the current flow, the basic amperometric sensor
measuring technique. A bias of 1.8 V was used for all
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measurements sited herein since this potential is suit-
able for dissociation of most species without causing
damage to the cell itself.

3. Results and discussion

This complex and unusual mating of materials requires
in depth explanation of each component in order to un-
derstand the overall function of the sensor developed.
In fact, successful fabrication of each component is
in itself a milestone. Three distinct materials systems
are combined to produce the final sensor. The mixed
ionic-electronic conducting (MIEC) electrode and ze-
olite layers are discussed in depth to better understand
their functionality in the system. Finally, the testing of
the sensor system with and without the zeolite mem-
brane is discussed.

3.1. Sensor fabrication

Complications in producing uniform compactions were
prevalent, particularly when producing the composite
layers, which consisted of a platinum-YSZ disk sur-
rounded by YSZ. The platinum containing powder had
a very high density compared with the YSZ powder and
compacted in a very different manner. The platinum-
YSZ composite powder would easily compact and
densify, often leading to a low-density annular YSZ
ring around the electrode. If the pellet would stay to-
gether, shrinkage differences would cause delamination
during the firing process. Pressing difficulties only en-
hanced already existing problems due to difference in
thermal expansion and firing shrinkages inherent in the
material systems.

Counter
Electrode

Figure 2 Front and back of finished amperometric sensors.
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During the polishing process, one edge was ground at
a steep angle from the backside to allow attachment of
the platinum wire to the back of the front-side electrode
thereby preventing interference on the active sensor sur-
face, where the zeolite was yet to be applied. The final
amperometric sensors are seen in Fig. 2. Short wire sec-
tions allow the cell to be placed in the pressure vessel
for subsequent zeolite growth.

3.2. Composite MIEC electrode

In electrochemical systems, most activities occur at the
electrode surface. It is where electrons are injected or
collected to drive the electrochemical reactions. The use
of extremely fine powders produced a very fine-scaled
platinum-YSZ composite with large amounts of triple
phase boundary, which was required in order to maxi-
mize the signal available from the sensor. The fired and
polished surface of a platinum-YSZ composite elec-
trode is seen in Fig. 3.

3.3. Zeolite film

The zeolite film was produced in three steps beginning
with the growth of zeolite crystals. In subsequent steps,
the zeolite crystals were deposited onto the surface of
the sensor and the zeolite film was grown around the
deposited crystals.

3.3.1. Zeolite crystal growth

Since the goal is to prepare a membrane less than
1 micron thick, the experimentation took place without
the use of nucleation deterrents. Many batches of zeolite

Sensing
Electrode
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Figure 3 Surface of platinum-YSZ composite MIEC electrode that has been polished for zeolite membrane application.

crystals were grown to develop a technique suitable to
this application. Reproducibility was good given care-
ful lab technique. The best method found involved
pre-cleaning the glassware with tetramethylamonium
hydroxide.

In a given range of chemistry, the crystallite size was
generally constant. The growth process was controlled
by an initial nucleation stage, which determines the
number of crystals to be produced and a secondary
growth phase that determines the final size of crystals
grown [14]. In this case, a clear dilute solution tech-
nique [15] was chosen as it appeared to be slower to
nucleate and more controllable. The processing condi-
tions could be varied to produce a final product of the
zeolite as small as 20 nm and as large as 500 nm. The
uniformity of the distribution was achieved only under
the conditions of constant stirring.

3.3.2. Zeolite deposition
The zeolites were deposited by creating an aqueous
suspension in the concentration range to allow a mono-

layer to be produced over the area of a drop placed on
the sensor. The work at this stage involved much trial
and error since the drop size is related to surface tension
between the drop and the sensor surface, and concen-
trations are extremely low. For the samples produced,
the concentrations were estimated from the area of the
sensor and the weight of a drop placed on its surface.
The zeolite suspensions are relatively stable given the
inherent surface charge associated with zeolites [16].
At the extremely low concentrations used, no notable
settling was observed for two to three days. The key
to this process was a controlled drying process. The
probability of success was high if a low concentration
was used in conjunction with a long settling period and
slow drying.

The technique was developed as a replacement for
the dip coating/Langmuir Blodgett films produced by
Boudreau and Tsapatsis [17]. This technique requires
minimal equipment and produces suitable results. The
films which were going to be regrown later could not be
observed under an SEM, since the zeolites require gold
coating for SEM observation, which would interfere
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Figure 4 Alignment and close packing of zeolite crystals deposited on sensor surface.

with the subsequent regrowth process. The sensors were
coated with zeolite at the same time as a glass slide
and handled in an identical manner. The films on the
glass slides were evaluated to determine if the proce-
dure went as planned or if the coating was to be removed
from the sensor and started again. Shown in Fig. 4
is the deposition achieved in the early stages of the
process.

As a test for ordering, the deposited films were tested
by X-ray diffraction. In the case of highly ordered sam-
ples, the diffraction pattern simplifies as some crystal-
lographic planes are missing due to orientation. These
samples show very few peaks in the XRD pattern from
the diffractometer, as seen in Fig. 5, where the deposited
film creates a high level of orientation in the (100) di-
rection. These results are also in good agreement with
others who have made similar depositions [13].

3.3.3. Membrane formation
The procedure used to create the completed mem-
brane was a secondary growth procedure similar to that
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developed by Boudreau, Kuck, and Tsapatsis [13]. In
this procedure, a growth solution was produced, similar
to the one by which the original zeolite A crystals were
produced. This solution, however, is richer in silicates,
to eliminate the ability of the solution to nucleate. This
solution then can only add to the size of already formed
crystallites.

With a highly dense clustering of crystals already
deposited, the process was developed to bridge the de-
posited crystals and grow into a complete membrane.
Developed by working with depositions on glass slides,
the procedure is only complicated in that the original
crystals must not be disturbed by the growth solution. In
cases where the original seed crystal depositions were
multi-level in thickness, the seeds dislodged and zeo-
lites were grown in large volumes away from the sub-
strate. At this stage, the only information to follow was
produced from the surrogate glass substrates. After a
single day in the growth solution, it was clear that the
growth was occurring as needed (Fig. 6), but more than
one day would be required. In total, 4 days of growth
were used for the films deposited on sensors.
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Figure 5 Diffraction patterns comparing deposited zeolite with preferred orientation to that of crystallites in bulk form.

Figure 6 Film growth demonstrated after a single day of regrowth.
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Figure 7 Finished sensor with zeolite membrane over an active electrode.

3.4. Sensor testing

The initial sensor testing was performed using a spe-
cific sensor specimen, which did not have the added
zeolite gas-selective membrane. This same sensor then
had the zeolite film grown over its working electrode
to run the final tests with the membrane in tact. This
sensor with its zeolite membrane is seen in Fig. 7. A
typical run of four hours is seen for the uncoated sen-
sor in Fig. 8. In this run, oxygen and carbon dioxide
were added individually and together into an inert gas
stream. The sensor responded positively when either
gas was present, and more strongly when both were
added simultaneously.

For oxygen containing gases, the sensor response
was linear at lower oxygen content and showed a di-
minishing response at higher oxygen content. This is
illustrated in Fig. 9. Our experience with these sensors
that utilize solid composite electrodes is that coarsen-
ing the microstructure of the composite and provid-
ing a less active and more current limiting electrode
can expand the linear region. In this case, the elec-
trode was intentionally produced to be highly active
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Figure 8 Sensor response to oxygen and CO; in a four-hour test run.
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Figure 9 Response of the basic amperometric sensor to a range of
oxygen and carbon dioxide concentrations.

since the zeolite layer was anticipated to limit gas
diffusion.

A similar test using oxygen and carbon dioxide was
performed on the sensor after zeolite coating. Fig. 10
shows the response of the zeolite-coated sensor to vari-
ous atmospheres. The sensor is highly sensitive to even
small concentrations of oxygen, showing a 0.32 mA re-
sponse when changing from nitrogen (Po, = 1 E™%),to
3 percent oxygen, seen at the 1100 s mark in Fig. 10. In
contrast to the previous tests, the sensor showed virtu-
ally noresponse to changes in carbon dioxide content of
30 percent (at 3000 s and again at 5000 s), while giving
amarked response to as little as 3 percent of oxygen. So
the initial appearance is that the zeolite film effectively
blocks carbon dioxide from the sensor surface.

3.4.1. Zeolite selectivity
The theoretical selectivity of zeolites is very specific.
Add to this, the fact that our estimated 1 micron layer
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Figure 10 Response of the zeolite coated sensor to oxygen and CO; containing gases.

K* /A Zeolite (3.4A) Na® /A Zeolite (4.1A)
Permitted Permitted
H20 H20 (256A) H20 (2.56A)
NO NO@G.ITA)  yo NO (3.17A)
(3 A
Not Permitted 02 Q2f340a)
<:] 02 (3.46A) f?f $02 (3.60A
§ . 3 802 (3 )
502(3.604) oy CO (3.76A)
€O (3.768)  cop CH4 (3.80A}
CH4 (3.80A) CO2 (3.994)
CO2 (3.994) T

Figure 11 Anticipated selectivity of potassium and sodium zeolite-A
membranes.

would repeatedly filter any gas passing through more
than 300 times before a molecule could pass completely
through. The selectivity expected for two of the A-type
zeolites is as shown in Fig. 11. It can clearly be seen
that no absolute selectivity is expected within the gases
tested if the layer consists of zeolite Na™-A, which is
indeed the case here.

But selectivity can also be achieved by near size ef-
fects. When the porosity is on the order of the length of
the mean free path of a gas molecule, selectivity is ac-
cording to Knudson diffusion, wherein the permeation
is proportional to the square root of the reciprocal of the
molecular weight. This would indicate that CO, would
have about one-third lower permeation than oxygen or
NO, which would be essentially the same. In the case
where the pore size is smaller than the mean free path,
but large enough to admit the molecule, the situation is
difficult to predict. In this case, the affinity of the gas
molecule for specific sites within the zeolite may aid in
surface diffusion through the pores. Limited data was
taken before the sensor failed, and there is no clear an-
swer on the mechanism for diminished sensor response
to CO», but it is clear that some limiting of the CO, gas
interaction with the sensor has occurred.

Quantifying the selectivity attained is based on lim-
ited experimentation and some difficulties. Ideally
more, and better planned experiments were to have

taken place, but the data shows the uncoated sensor
with an average response of 0.43 mA/percent of oxygen
and 0.22 mA/percent of CO,. This yields a selectivity
of about 2 for oxygen over CO,. This is anticipated
since the reduction potential for CO; is —1.6 V and the
reduction potential for O, is —0.67 V. At the surface
of the amperometric sensor, oxygen is more likely to
dissociate and traces of oxygen were always present
in the gas mixtures. For the zeolite coated sensor, the
response to all gases was diminished. The response to
oxygen by the coated sensor was one tenth that of the
uncoated sensor (0.041 mA/percent) and even more di-
minished for CO; at 0.001 mA/percent. The selectivity
of the coated sensor for oxygen was 40 times greater
than for CO,.

3.5. Film analysis

As stated earlier, analysis of the zeolite film by SEM is
generally not practical for samples to be used as sen-
sors. After failure of the sensor, a careful analysis of
the zeolite film was performed. Images of the surface,
shown in Fig. 12, indicate that the zeolite had devel-
oped cracks at some unknown time. The nature of the
cracks, permeating across the individual zeolite grains,
suggests that the crack evolved from the sensor, thereby
splitting a previously intact zeolite film. This also in-
dicates that the film was likely to be well attached to
the sensor given that it did not spall away from the sen-
sor under stress and that the film itself was coherently
bonded together.

As estimated during analysis of glass slides pro-
cessed along side the sensor, the film formed was in-
deed on the order of 1 micron in thickness as shown
in the cross-sectional view shown in Fig. 13. The film
showed significant surface roughness, but no apparent
open pores through the surface other than the cracks.
The point during testing at which the cracks appeared
is unknown, so their influence on the data is left to
experimental replication. The dimensions of the crack
were sufficiently large to produce no selectivity based
on their gross scale.
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Figure 13 Cross-section of sensing electrode and zeolite membrane.

4316



4. Conclusions

The primary goal of showing that zeolite can add se-
lectivity to a sensor has been achieved. The unique new
sensor design provides a suitable substrate for the ap-
plication of zeolites and their subsequent regrowth to
form a solid dense film. The zeolite Na*-A film pro-
duced was shown to limit the response of the ampero-
metric sensor to carbon dioxide while maintaining high
sensitivity to oxygen. Although it is unlikely that true
molecular sieving occurred, based on the size of the gas
molecule versus the pore dimensions of the zeolite, a
level of selectivity of 40 was achieved and may be due
to limitations based on Knudsen diffusion. The ability
to produce specific zeolite films on sensor substrates
generates new possibilities for increasing the selectiv-
ity of many types of gas sensors for a wide range of
practical applications.
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