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ELECTROCATALYTIC CERMET GAS DETECTOR/SENSOR

Abstract
An electrocatalytic device for sensing gases. The gas sensing device includes a substrate layer,
a reference electrode disposed on the substrate layer comprised of a nonstoichiometric
chemical compound enabling oxygen diffusion therethrough, a lower reference electrode
coupled to the reference electrode, a solid electrolyte coupled to the lower reference electrode
and an upper catalytically active electrode coupled to the solid electrolyte.
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Claims
What is claimed is:

1. A device for sensing gases and including an electrical circuit portion therein having a
plurality of layers, comprising;

a. a substrate layer;
b. a reference electrode source of anions disposed on said substrate layer, said

reference electrode source of anions consisting essentially of a nonstoichiometric
chemical compound for diffusing oxygen anions there through;

c. a lower electrical reference electrode coupled to said reference electrode source
of anions;

d. a solid electrolyte coupled to said lower reference electrode, said solid electrolyte
enabling diffusion of ions there through; and

e. an upper catalytically active electrical electrode coupled to said solid electrolyte
with electrical voltage applied between said lower electrical reference electrode
and said upper electrical electrode with said reference electrode source of anions
being disposed outside said plurality of layers comprised of said lower electrical
reference electrode, said solid electrolyte and said upper electrical electrode.

2. The device as defined in claim 1 wherein said chemical compound is selected from the
group consisting of Ni/NiO, Cd/CdO, Zn/ZnO, Ca/CaO, Co/CoO, Cu/CuO, Fe/FeO,
V/VO, Ta/Ta2 O2, Cr/CrO, Ni/NiS, Zn/ZnS and mixtures thereof.

3. The device as defined in claim 1 wherein said chemical compound consists essentially
of a cation rich binary compound.
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4. The device as defined in claim 1 wherein said chemical compound is selected from the
group consisting of a phosphide, an oxide, a selenide, a telluride and a sulfide.

5. The device as defined in claim 1 wherein said lower electrical reference electrode is
selected from the group consisting of Pt, Cu, Ag and Pd.

6. The device as defined in claim 1 wherein said solid electrolyte consists essentially of an
electrolyte which allows diffusion of particular ions of interest.

7. The device as defined in claim 6 wherein said particular ions of interest are selected
from the group consisting of oxygen, sulfur, nitrogen, chlorine, fluorine and phosphorous.

8. The device as defined in claim 1 wherein said solid electrolyte is selected from the group
consisting of yttria doped ZrO2, CeO2 and Bi2 O3.

9. The device as defined in claim 1 wherein said upper catalytically active electrode is
selected from the group consisting of Pt, Ru, Rh, Os, Ir, Pd and Au.

10. A device for sensing gases and including an electrical circuit portion therein having a
plurality of layers, comprising:

a. a substrate layer;
b. layer means for establishing a reference source of anions;
c. a lower electrical reference electrode coupled to said layer means;
d. a solid electrolyte coupled to said lower electrical reference electrode, said solid

electrolyte for diffusing ions of said reference gas there through; and
e. an upper catalytically active electrical electrode coupled to said solid electrolyte

with an electrical voltage applied between said lower electrical reference
electrode and said upper electrical electrode with said layer means being
disposed outside said plurality of layers comprised of said lower electrical
reference electrode, said solid electrolyte and said upper electrical electrode.

11. The device as defined in claim 10 wherein said layer means consists essentially of a
nonstoichiometric compound for providing said source of anions.

12. The device as defined in claim 11 wherein said nonstoichiometric compound is selected
from the group consisting of an oxide, a sulfide, a phosphide, a selenide and a telluride.

13. The device as defined in claim 12 wherein said nonstoichiometric compound consists
essentially of an anion deficient compound.

14. The device as defined in claim 10 wherein said lower electrical reference electrode is
selected from the group consisting of Pt, Cu, Ag and Pd.

15. The device as defined in claim 10 wherein said upper catalytically active electrical
electrode is selected from the group consisting of Pt, Ru, Rh, Os, Ir, Pd and Au.

16. A method of sensing a gas, comprising the steps of:
a. coupling a voltage source to a gas sensor device including an electrical circuit

portion having a plurality of layers, comprised of:
1. a substrate layer;
2. a reference electrode source of anions including a nonstoichiometric

compound for providing said anions and disposed on said substrate layer;
3. a lower electrical reference electrode coupled to said reference electrode

source of anions disposed on said substrate layer and said lower
electrical reference electrode coupled to the voltage source;

4. a solid electrolyte coupled to said lower reference electrode, said solid
electrolyte diffusing ions there through; and

5. an upper catalytically active electrical electrode coupled to said solid
electrolyte with voltage from the voltage source applied between said
lower electrical reference electrode and said upper electrical electrode
and said reference electrode source of anions being disposed outside
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said plurality of layers comprised of said lower electrical reference
electrode, said solid electrolyte and said upper electrical electrode.

b. during performing the method, applying a varying voltage from said voltage
supply to said gas sensor device; and

c. collecting an output electrical signal from said gas sensor device wherein said
output electrical signal is characteristic of said gas.

17. The method as defined in claim 16 wherein the varying voltage is applied to form a
closed loop for said output electrical signal.

18. The method as defined in claim 16 wherein said step (a) further includes the step of
inducing catalytic reactions of the gas at said upper catalytically active electrode.

19. The method as defined in claim 16 wherein said gas sensor device includes a heating
layer for performing the step of heating said gas sensor device during use.

20. The method as defined in claim 19 wherein said heating layer further acts to carry out
sensing of the temperature of said gas sensor device.

Description
The present invention is concerned generally with a method and device for sensing gases and
also for training gas sensors to recognize selected gases, including complex mixtures. More
particularly, the invention is concerned with a method and device for sensing specific gases or
mixtures thereof by providing catalytic action and/or varying a drive voltage being applied to the
device to generate characteristic chemical signatures of a given gas or gas mixture. Such
chemical signature data can be utilized to quantify gas species and amounts and train gas
sensors to identify particular gas species.

Numerous industrial and consumer applications require use of sensitive, reliable gas detectors.
These applications often involve use in a corrosive and/or high temperature environment. Such
applications range over broad fields of use, such as for use in the automotive industry, the
chemical processing field, the electrolytic processing industry, the electronics industry and in the
area of general control of gaseous environments. Currently, sensors for such uses are of
complex construction and frequently require devices having large and unwieldy structures. In
addition, gas sensors often are dedicated to the measure of only a few gases and have little
flexibility for measurement of a wide range of gases and of widely ranging concentrations.

It is therefore an object of the invention to provide an improved method and device for sensing
gases.

It is another object of the invention to provide a novel method of detecting a variety of gases
present in an environment.

It is also an object of the invention to provide an improved method and device for electrolytically
detecting gases.

It is a further object of the invention to provide a novel method and device for detecting water
vapor, gaseous organic chemicals and/or other gases alone or in combination.

It is yet another object of the invention to provide an improved method and device for performing
highly sensitive detection of gases at lower temperatures.
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It is still an additional object of the invention to provide a novel method and device for
establishing a trained gas detection system for recognizing complex gas mixtures.

It is also another object of the invention to provide an improved method and device for
dissociating gases to identify various gas species and quantify characteristic signal curves of
particular gas species.

It is yet a further object of the invention to provide a novel layered device structure of a catalytic
metal electrode with an intervening oxygen ion source and solid electrolyte enabling detection of
gaseous species by catalytic activation.

It is still a further object of the invention to provide an improved system of analysis of gases by
executing a neural network computer software program to characterize the gas.

These and other objects of the invention will become apparent from the following detailed
description and the drawings described hereinbelow.

Brief Description of the Drawings
FIG. 1AA shows a front plan view and FIG. 1AB shows a rear plan view of a gas sensor device
constructed in accordance with the invention; FIG. 1B illustrates an exploded view of the gas
sensor device of FIG. 1AA; FIG. 1C shows a cross section at the surface of the sensor device
taken along 1C--1C in FIG. 1AA and FIG. 1D illustrates a cross sectional view of the entire
sensor sandwich taken along 1D--1D in FIG. 1AA and for a device like FIG. 1AA but further
including a Pt heating element layer;

FIG. 2 shows an exploded view of the individual layers making up another form of gas sensor
device constructed in accordance with the invention;

FIG. 3A illustrates one form of gas sensor interconnected to a thermally insulating standoff
interconnector and FIG. 3B shows a perspective view of a test clip for a self-heated gas sensor
and FIG. 3C shows a top plan view of a test clip for a self-heated gas sensor device;

FIG. 4A shows a test chamber of a self heated gas sensor and FIG. 4B illustrates a tube
furnace assembly for testing a gas sensor; FIG. 4C shows a system for accumulating and
analyzing data from a gas sensor; FIG. 4D shows a neural network structure diagram and FIG.
4E shows front views of virtual instruments in the data acquisition system of FIG. 4C;

FIG. 5A illustrates the nondriven mode response of an externally heated sensor to changing
oxygen gas concentrations; FIG. 5B shows a nondriven sensor internal resistance response to
changing temperature of the sensor; FIG. 5C shows the nondriven mode response of the gas
sensor to cycling gas concentrations; FIG. 5D shows the nondriven mode response of a self-
heated nondriven first sensor to changing oxygen concentrations; FIG. 5E illustrates the
response of a self-heated, nondriven second sensor to changing oxygen concentration; FIG. 5F
shows the response of a self-heated nondriven third sensor to changing oxygen concentration
and FIG. 5G shows the response of a self-heated, nondriven fourth sensor to changing oxygen
concentration;
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FIG. 6 illustrates the response of a self-heated, driven gas sensor to applied voltage for fixed
oxygen concentration;

FIG. 7A shows the response of a first self-heated, gas sensor to applied voltage variation in the
presence of (3) different oxygen concentrations; FIG. 7B shows the response of a second gas
sensor; and FIG. 7C shows the response of a third gas sensor;

FIG. 8A shows the response of a self-heated, voltage driven gas sensor to toluene vapors; FIG.
8B shows the response of a self-heated, voltage driven gas sensor to Xylene vapors; FIG. 8C
shows the response of a self heated voltage driven gas sensor to 1,2 dichloroethane vapors;

FIG. 9A illustrates a furnace firing schedule for preparing a screened thick film gas sensor
device and FIG. 9B shows another furnace firing schedule for a gas sensor device;

FIG. 10A illustrates the response of a sensor device in a voltage driven mode for different
oxygen concentrations; FIG. 10B shows a voltage driven sensor device response for different
CO concentrations; FIG. 10C shown a voltage driven sensor device response for different CO2
concentrations; FIG. 10D shows a voltage driven sensor device response for different methane
concentrations; FIG. 10E shows a voltage driven sensor device response illustrating the
nitrogen carrier gas recovery effect of the sensor for different recovery time periods; FIG. 10F
illustrates a voltage driven sensor device response for nitrogen gas at different sensor operating
temperatures; and FIG. 10G shows a voltage driven sensor device response for different
CO/CO2 mixtures;

FIG. 11 is a schematic flow diagram of operation of the gas sensor device in several modes,
including gas detection and sensor training; and

FIG. 12A illustrates the response of a sensor device in a voltage driven mode to fumes from
burning paper; FIG. 12B illustrates a voltage driven sensor device response to fumes from a
bunting electronic circuit board; and FIG. 12C shows a voltage driven mode for detection of
burning PCB and paper.

Detailed Description of Preferred Embodiments
A gas sensor device constructed in accordance with the invention is shown generally at 10 in
FIGS. 1 and 2. Also see the schematic flow diagram in FIG. 11. As shown particularly in FIG. 1,
the sensor device 10 includes a substrate 12. Deposited on the substrate 12 is a reference
electrode 14 source of anions (hereinafter "reference electrode 14"), a lower reference electrode
16, a solid electrolyte 18 and an upper electrode 20. The gas sensor device 10 preferably also
includes a coupled heating element 21 as shown in the embodiment of FIG. 1D. The substrate
12 can be any electrically nonconductive material which is chemically stable at temperatures of
use, such as, for example, above 200°C. The substrate 12 also should be substantially
impermeable to gas diffusion. Examples of such materials are ceramics like alma, spinel,
mullire, forsterite and other such dielectrics.

The reference electrode 14 can be any one of a number of nonstoichiometric (e.g., anion
deficient) metal oxides, metal sulfides, metal phosphides or combinations thereof which can act
as a reversible source of anions and provide a reliable reference of partial pressure of the anion.
Nonstoichiometric metal oxides, such as NiO, are particularly preferred for the reference
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electrode 14 since they provide a well buffered reference electrode of very low fixed oxygen
activity in galvanic cells. Consequently, for example, the metal oxide combination provides an
oxygen sink/source reservoir described by the equilibrium equation

Ni(s) + 1/2O2 (p(O2)) = NiO(s)

where p(O2) is the oxygen partial pressure. Equilibrium is achieved when pO2 has penetrated
the metal and oxide. Homogeneity of p(O2) is maintained at the electrode/electrolyte interface by
oxygen (anion) migration in the electrolyte and electron activity in the metal phase of the Ni/NiO
system. The electron activity reaction is described by NiO(s) + 2e = Ni(s) + O- (electrolyte).
Thus, in the nondriven mode of operation of the gas sensor device 10 (no variable voltage
applied as described hereinafter in detail), the preferred metal oxide reference electrode 14
provides a stable reference of partial pressure for oxygen gas. This partial pressure data and
voltage measured through the gas sensor device 10 via the Nernst equation can be used to
determine an unknown oxygen partial pressure being monitored (or other anions, such as sulfur
or phosphorous, or nitrogen or gas complexes containing such anions). In the general case, the
partial oxygen (anion) pressure generated by a given metal oxide can be determined by
calculating the equilibrium constant for the particular metal-metal oxide (anion) combination. In
the driven mode of operating the gas sensor device 10 (applying a variable voltage as described
hereinafter), the preferred metal oxide reference electrode 14 serves as an oxygen source
which is driven to enhance oxidation reactions occurring on the face of the upper electrode 20.
Suitable nonstoichiometric metal oxide systems for the reference electrode 14 are, for example,
CdO, ZnO, CaO, CoO, CuO, FeO, MnO, VO, Ta2 O2 CrO3 and NiO.

In another form of the invention, the reference electrode 14 comprises a phosphide, sulfide (or
other chalcogenide) system, such as, Ni/NiS, Zn/ZnS and other like combination systems (such
as shown above for metal oxides) known to be operative as a reference electrode. Such
materials can function to sense any type of gas, such as oxygen containing gases, not just
sulfides or phosphide type gases.

The lower reference electrode 16 can also be used as a cathode as needed. This electrode 16
should be a good electrical conductor, such as, Pt, Cu, Ag and the like and most preferably is
Pt.

The solid electrolyte 18 should function to permit the passage of the desired ions (such as, O, S,
N, Cl, F and P) through the gas sensor device 10. The material for the solid electrolyte 18 can
be selected from among a variety of ionically conductive solid electrolytes. In the case of oxygen
ion conductors, examples of a preferred solid electrolyte can include, for example, yttria doped
ZrO2, CeO2 and Bi2 O3. The yttria doped ZrO2 is most preferred due to its high oxygen ion
conductivity, negligible electron conductivity, stability with respect to thermal decomposition and
its well documented performance and characterization as an ionic conductor.

The upper electrode 20 is preferably a catalytically active material and also can act as the
cathode of the gas sensor device 10. Consequently, the preferred upper electrode 20 is a
catalytic metal, such as Pt, Ru, Rh, Os, Ir, Pd and for some uses, such as measurement of NOx
gas species Au can be used to lower the voltage level at which reactions of the NOx species
occurred. These catalytic materials optimize the promotion of oxidation of organic gas species
contacting the electrode 20. Particularly in the voltage driven mode of operating the gas sensor
device 10, the upper electrode 20 preferably acts to substantially promote gas oxidation. As will
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be shown in more detail hereinafter (including the figures), the electrical current dram between
the lower reference electrode 16 and the upper electrode 20 at a particular applied voltage
provides both quantitative and qualitative signature information, including data on redox
potentials associated with particular gases or complex gas mixtures.

As explained in more detail in the Examples, during preparation of the gas sensor device 10 the
firing of a Ni/NiO form of the reference electrode 14 causes diffusion of Ni/NiO for several
microns into the upper surface of the substrate 12. Without limiting the scope of the invention, it
is believed that the reaction of the Ni and NiO generates an equilibrium partial pressure of
oxygen. This layer of the Ni/NiO reference electrode 14 is trapped between the aluminum oxide
substrate 12 and a yttria stabilized zirconia form of the solid electrolyte 18 and forms a constant
reference level of oxygen on one side of the yttria stabilized zirconia solid electrolyte 18. The
yttria stabilized zirconia solid electrolyte 18 can then conduct oxygen ions and can build a
voltage potential across its surfaces in response to different gas concentrations contacting the
exposed surfaces of the gas sensor device 10.

The gas sensor device 10 is completed by the platinum upper electrode 20 which, along with
the lower reference electrode 16 (preferably of platinum), senses the current flowing through the
yttria stabilized zirconia solid electrolyte 18. In a preferred embodiment the platinum upper
electrode 20 comprised a porous platinum material divided into a pad array such that if any
pads are aligned with an electrically shorted pad of the yttria stabilized zirconia solid electrolyte
18, the pad column will not be connected, thus avoiding electrical signal shorting problems. All
pads in columns which are not shorted can therefore be connected with platinum strips to
become operative sensor elements. As shown in FIG. 2, a preferred embodiment uses strips of
platinum 24 for the upper electrode 20 and lower reference electrode 16, respectively.

In one form of the invention, heating of the gas sensor device 10 is accomplished by an external
heat source, such as by a tube furnace 26 shown in FIG. 4C. The gas sensor device 10 can be
disposed in a quartz tube assembly 28 which is coupled to the tube furnace 26, wherein the
temperature was raised to about 500°C. during testing. These sets of tests were performed in a
nondriven mode (no potential applied or varied). In the typical test routine three different oxygen
concentrations were cycled across the gas sensor device 10, the quartz tube assembly 26 was
evacuated, followed by flushing with the new oxygen gas concentration. As shown in FIG. 5A,
three different oxygen concentrations were tested with the gas sensor device 18 showing good
distinction between oxygen gas concentrations with some voltage spiking occurring when
pressure changes took place.

It was useful to characterize the gas sensor device 10 in the quartz tube assembly 28 by testing
the following: (a) its internal resistance against temperature, (b) its repeatability of response to
cycled gas inputs, and (c) its response to stepped gas concentration changes. As shown in
FIG. 5B under nondriven voltage operation, the resistance versus temperature plot shows that a
first clean plateau in resistance occurred at about 200°C. This preferred testing temperature
range (above 200°C.) was used in most of the self heating tests of the gas sensor device 10. As
further shown in FIG. 5C, the gas cycling tests showed good repeatability for the gas sensor
device 10.
In the preferred form of the invention, the gas sensor device 10 is self-heated to establish a
controlled temperature for the analysis conditions which enables achievement of highly reliable
test conditions. As shown in FIGS. 1D and 2, the Pt heating element layer 21 provides this
capability of self-heating of the gas sensor device 10. The layer 21 has a resistance of about
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one hundred ohms and can be readily used with existing Pt resistance temperature detector
thermometers which employ Pt resistive elements to sense temperature. Therefore, by
designing the resistance of the layer 21 to be the same value, the layer 21 can itself be used to
measure the temperature of the gas sensor device 10. For calibration purposes, the measured
temperatures were checked against a low mass thermocouple.

In one preferred form of testing the invention, the gas sensor device 10 was coupled to an
insulated thermal stand-off 32 which included a plurality of Pt strips 34 on a second insulator
substrate 36 (see FIG. 3A). Platinum wires 38 were coupled between the Pt strips 34 and the
gas sensor device 10. The stand-off 32 was then inserted into a plastic edge connector (not
shown) with test equipment leads (not shown) attached to the edge connector. This geometry
enabled the gas sensor device 10 to operate at high temperatures with only the platinum wires
38 to transfer heat to the stand-off 32. In other embodiments, gold wires and gold strips in the
stand-off 32 can be used.

In a more preferred method of testing the invention, a test clip 40 was used to make electrical
connections to the gas sensor device 10 undergoing gas testing. As shown in FIGS. 3B and 3C,
a nylon form of IC test clip 40 can be used to hold the gas sensor device 10. Since the nylon
shell of the test clip 40 is spaced apart from the contacts with the gas sensor device 10, the test
clip 40 is unaffected by the elevated operating temperature used for the self-heating tests.
Accurate temperature calibrations could also be made by placing a small, low mass
thermocouple under one of the fingers of the test clip 40, thereby being held tightly against the
gas sensor device 10.

A testing program for self-heating characterization of the gas sensor device 10 included
preparation of a batch of six of the devices 10 prepared in the same manner (see Examples I
and II). The self-heated gas sensor devices 10 were heated and exposed to different gases and
particularly to oxygen in a nitrogen gas base. The gas concentrations were changed at different
rates, the duration of maintaining a gas concentration was changed, and the voltage produced
by the gas sensor device 10 was measured. The test matrix for the self-heated tests of the gas
sensor device 10 is shown in Table I below:

TABLE I – Sensor Test Parameters

Sensor Tested
Gas Cycling

Speed
Sensor

Temperature
Oxygen

Concentration

Test 1 60 min/gas 26°C 19%
Test 2 60 min/gas 26°C 1%
Test 3 60 min/gas 26°C 0.10%
Test 4 60 min/gas 100°C 19%
Test 5 60 min/gas 100°C 1%
Test 6 60 min/gas 100°C 0.10%

TABLE I – Cont’d

Sensor Tested
Gas Cycling

Speed
Sensor

Temperature
Oxygen

Concentration
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Test 7 60 min/gas 220°C 19%
Test 8 60 min/gas 220°C 1%
Test 9 60 min/gas 220°C 0.10%
Test 10 30 min/gas 26°C 19%
Test 11 30 min/gas 26°C 1%
Test 12 30 min/gas 26°C 0.10%
Test 13 30 min/gas 100°C 19%
Test 14 30 min/gas 100°C 1%
Test 15 30 min/gas 100°C 0.10%
Test 16 30 min/gas 220°C 19%
Test 17 30 min/gas 220°C 1%
Test 18 30 min/gas 220°C 0.10%
Test 19 15 min/gas 26°C 19%
Test 20 15 min/gas 26°C 1%
Test 21 15 min/gas 26°C 0.10%
Test 22 15 min/gas 100°C 19%
Test 23 15 min/gas 100°C 1%
Test 24 15 min/gas 100°C 0.10%
Test 25 15 min/gas 220°C 19%
Test 26 15 min/gas 220°C 1%
Test 27 15 min/gas 220°C 0.10%

This Battery of Tests was Repeated for Each of the Six Sensors in this Batch.

The resulting measured voltages are shown in FIGS. 5D-5G.

In the most preferred embodiment, the gas sensor device 10 was used in a driven mode to
generate a characteristic signal for the gas being detected. The driven mode masked any
differences between individual ones of the gas sensor devices 10 by virtue of using a driving
voltage larger than the voltage generated by the gas sensor device 10. In the driven tests, a
voltage potential was applied to the lower reference electrode 16 and upper electrode 20,
respectively, from an external source (not shown) which forced migration of oxygen ions through
the yttria stabilized zirconia solid electrolyte 18. This ion migration was measured as an
electrical current and processed as described hereinafter by system 50 (see FIG. 4C).
The driven test method of operation involved generating a ramping voltage of the same
magnitude as that developed by the gas sensor device 10 alone. This test was done to avoid
damaging the film by pumping too much oxygen into the gas sensor device 10 which could
cause blistering of the layers comprising the sensor 10. After observing that the gas sensor
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device 10 could withstand larger voltages, the supply voltage was increased to the level needed
to begin to disassociate gases on the upper sensing platinum electrode 20 (see FIG. 6 for
shape of the applied DC voltage). One of the test signals used was a ±  1 VDC triangular wave
with a period of fifty seconds.

The system 50 as shown in FIG. 4C includes the gas sensor device 10. (not shown) disposed
within the quartz robe assembly 28 which is positioned within the robe furnace 26 having
controller 52. The test gases used were contained in tank system 54 and input into the robe
furnace 26 for characterization by the gas sensor device 10. A data acquisition system 56
samples the electronic signal (DC current) output from the gas sensor device 10 at a rate of 2
Hz. The data acquisition system 56 can include a local CPU 58 (such as a dedicated
microprocessor or a personal computer 60), a remote CPU 62, a large computer system 64 or a
modem connected PC station 66. The accumulated data is further processed using the neural
network 68 functionally shown in FIG. 4D which includes virtual instruments 70 shown in FIG.
4E. The computer system (such as the large computer system 64 or the PC station 66) can
execute a computer program including a virtual instrument code (see Appendix). The computer
program includes subroutines to accumulate and analyze the incoming data and output a signal
for review and/or plotting (see example in FIG. 11). As shown in FIG. 4E, the virtual instruments
70 are used to mimic and control the various parts of the electronic equipment to allow easier
operation and debugging. The computer program is written in modules which emulate digital
voltmeters, resistance meters and RLC bridges. Embedded in the computer program is a neural
net module which is treated as a function called up by the appropriate computer system, and the
neural net module operates on the data which is characteristic of a sampled representation of
the gas signature. In the case of accumulating a gas signature library, a back propagation net is
constructed by the neural net module. During the training phase of the neural net module, the
sampled gas data is compared to a known, desired output signal. The internal weights
representing the sampled gas are altered until a particular error constraint is met. A separate
neural net module can be trained for each gas mixture of interest. See the schematic flow
diagram in FIG. 11 showing operation of one form of sensor training mode. The training can
include samples for changing concentration of the same gas mixture, as well as corrections for
humidity and temperature. The trained neural net module will then accept an unknown gas
concentration along with measurements for correcting for temperature and humidity to yield a
value for the concentration of that gas in the sampled mixture. The computer program can thus
perform pattern recognition analysis when it is desirable to train the gas sensor device 10 to
recognize complex gas mixtures or various particular gas mixtures, such as innocuous fumes of
burnt paper (see FIG. 12A) versus harmful burning plastic or burning electronic circuit boards
(see FIG. 12B).

In another form of the invention, the neural net module enables processing of data characteristic
of a completely unknown gas mixture, analyzing the data by the neural net module and patterns
are detected without training. In this mode of operation, the system 50 can be used for analytical
purposes as opposed to threshold/control system usage.

The system 50 can therefore provide a plot of measured current vs applied voltage with one-
hundred data points, which was sufficient to define the shape of the sensors' response to the
gas atmosphere. Four of the five sensing strips of platinum 24 (see FIG. 2) on the gas sensor
device 10 were measured individually as channels 1,2,3, and 4. This allowed the sensor
construction to be studied and allowed for the elimination of any sensing element that showed
too great a variance from the other elements. If the sensor channels showed no variance
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problems, then the channels were shorted together and the gas sensor device 10 was
measured as a single channel (see FIGS. 7A-7C). The gas sensor device 10 was then exposed
to oxygen concentrations of 20%, 1%, and 0.1% (also see Example III). The tests began by
heating the gas sensor device 10 to an operating temperature of about 220°C. and allowing the
temperature to equilibrate. Different induction times were tested and a sixty minute (minimum)
warm-up time was found to give the most uniform response to gas changes. In this warm-up
period the sensor device 10 was continually driven by the ± VDC-fifty second period ramped
input. The tests then began by flushing the tube furnace 26 (or other chamber) which contains
the gas sensor device 10 for five minutes at 5 L/minute with the gas of interest followed by
flushing for five minutes at 0.1 L/minute. With the new gas atmosphere in place, data were
collected for one complete period starting at the negative end of the input ramp (-1 VDC). The
one complete period included one or more voltage scans, biasing the platinum upper electrode
20 positive then negative. The graphs for a typical test consisted of three curves, one for each
of the three standard test gases used. As shown in FIGS. 7A-7C, the curves were
superimposed to compare the current-voltage envelopes. The higher concentrations of oxygen
exposed to the platinum upper electrode 20 produced larger current-voltage envelopes. The
higher concentrations of oxygen exposed to the platinum upper electrode 20 also produced
current shifts in the gas sensor device 10 that earlier showed the most distinct non-driven
responses.

Testing of the response of the gas sensor device 10 to organic vapors illustrates the ability to
use the device 10 as a catalytic type of sensor. The same gas sensor device 10 and test
equipment were used in these tests as in the earlier oxygen driven-response tests. To begin
these tests, dry analyzed air from a gas cylinder was used as a `carrier` gas much like helium
and hydrogen carrier gases in gas chromatographs. Sample organic vapors were produced by
drawing ten mL of liquid into a sixty mL glass syringe (not shown). The liquid was ejected and
sixty mL of ambient air was drawn into the syringe and the syringe was capped. The gas sensor
device 10 was mounted and brought up to an operating temperature of 200°C. The gas sensor
device 10 was held at that temperature while a carrier stream of dry air flowed at 0.1 L/min for
sixty minutes. The chamber ambient temperature was approximately 52°C. The gas sensor
device 10 was then sampled by the data acquisition system 50 by applying voltage-driven
conditions of three successive ± 1 VDC-50 s triangle input periods. The first period represented
the sensor response to the dry air. At the start of the second period, the sample organic vapors
were injected over a ten second span from the glass fifty mL syringe. The second and third
periods represent the response to mixing and mixed organic gases. The initial tests (see FIGS.
8A-8C) show sensor response to several organic solvents, including toluene, xylene, and 1,2
dichloroethane. All tested vapors showed marked changes in the sensors' current-voltage
envelope, thereby demonstrating the capability of identifying particular gas species. FIG. 11
illustrates schematically the operation of the gas sensor device 10 in a gas detection mode as
well as a sensor training mode.

The following nonlimiting examples set forth methods of preparation and further testing of gas
samples illustrative of several embodiments of the invention.
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Example I
Preparation of thick film sensor inks, substrates and screen printing was carried out by the
following procedure:

Heraeus Cermally VS2584 electronic vehicles were used to carry the pigments. The reference
electrode ink (ES/RE-7) was prepared with spray-dried nickel oxide pigment obtained from
Johnson Matthey Materials Technology (physical composition 70% solids and 30% vehicle).
Solid Electrolyte ink (ES/SE-1) was prepared with spray-dried yttria stabilized zirconia from
Toyosoda (physical composition 40% solids and 60% vehicle). Spray-dried inks were pulverized
and combined with the vehicle with a ground-glass fiat-bottomed pestle and glass plate. The
platinum electrode ink (ES/C-9) was prepared with a smooth Pt conductor paste from Heraeus
Cermalloy (physical make up 68% Pt paste and 32% vehicle). This ink does not need to be
pulverized and is easily blended with the vehicle by hand without the use of the mortar and
pestle.

The substrates used were Coors.TM. ceramic aluminum oxide (Al2 O3) substrates that
measured 12 mm.times.13 mm.times.0.625 mm and were used for the sensors. They were
factory-fired between plates for uniform surface roughness. Prior to use they were cleaned in an
ultrasonic bath and kept covered to prevent contamination. The substrates were labeled on one
side with a cobalt nitrate ink that, when heated on a hot plate, turned a bright permanent blue
that did not fade at high temperatures and remained legible.

Screen printing was a Presto.TM. Model A9M0303 industrial screen printer with an adjustable
mounting table and built-in video display camera was used for this work. This printer could
accurately place films within ± 125 µm. The substrates were mounted 2 mm below the screens.
The films screened were 10-20 µm thick and fired to about half that thickness.

The printer screens consisted of a stainless-steel woven mesh stretched tightly over a frame
with a stencil of light-sensitive photographic emulsion adhered to the center. The screen was
mounted on an automatic press. A squeegee pressed ink through the mesh onto a mounted
substrate at a constant pressure and rate. The screens used for this work were mounted on a
12 cm × 12 cm aluminum frame. The platinum ink patterns were made on a 300 mesh 45°
strung screen, while the nickel and yttria-stabilized zirconia patterns were made on a 240 mesh
45° strung screen. The tension of the screens on the frame was measured at a 1 mm deflection
with a 500 g load.

Example II
The gas sensor devices were prepared by forming the layer pattern in accordance with
Example I and then firing in a Lindberg.TM. Super Kanthal furnace controlled by a
Eurothenn.TM. programmable controller. The firing schedules were implemented as shown in
FIG. 9A and 9B. The slow ramping up to 350°C. was used to keep the rate of out-gassing of the
organic vehicle to a minimum. Quickly heating the organic vehicle to sintering temperatures
caused the solvent to boil and damaged the film surface. All organic materials burned off at
approximately 250°C. Increasing the sensor temperature to 1350°C. sintered the Ni/NiO and
YSZ components, and the additional firing schedule to 1400°C. for four hours ensured that the
migration of the NiO into the substrate was complete.
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Example III
A series of voltage driven tests were performed using the gas sensor device. The device was
placed in a quartz tube furnace, a power source coupled to the sensor, and a DC voltage was
applied to the sensor device to obtain an output in DC amperes to define a closed loop curve. In
a first test, the sensor device was heated to 250°C. and various gas mixtures of varying oxygen
percentage were introduced. Upon applying the drive voltages characteristic signals were
obtained as shown in FIG. 10A. In a second test, the sensor device was heated to 250°C. and
various CO percentages were introduced. Upon applying the drive voltages, characteristic
signals were obtained as shown in FIG. 10B. In a third test, the sensor device was heated to
250°C. and various CO2 percentages were introduced. Upon applying the drive voltages,
characteristic signals were obtained as shown in FIG. 10C. In a fourth test, the sensor device
was heated to 250°C. and various methane concentrations were introduced. Upon applying the
drive voltages, characteristic signals were obtained as shown in FIG. 10D. In a fifth test, the
nitrogen gas recovery effect is evaluated under various test conditions illustrated in FIG. 10E. In
a sixth test, an evaluation was performed of the sensor device for N2 gas at different sensor
operating temperatures (see FIG. 10F). In a seventh test, the sensor device was heated to
250°C. and various CO/CO2 mixtures were introduced. Upon applying the drive voltages,
characteristic signals were obtained as shown in FIG. 10G.

Example IV
Complex gas mixtures can also be analyzed qualitatively with great precision. It can, for
example, be important to distinguish between burning paper and burning plastic due, in
particular, to the toxic threat posed by the latter. In industrial applications the sensor device can
advantageously be used to recognize the fumes of burning, or overheated, electronic circuit
boards. Closed loop characteristic plots were generated in the manner described in Example III.
In FIG. 12A is shown the characteristic voltage driven plot for burning paper which can be
compared to the plot for a burning electronic circuit board in FIG. 12B, and burning PCB as well
as paper in FIG. 12C.

While preferred embodiments of the invention have been shown and described, it will be clear to
those skilled in the art that various changes and modifications can be made without departing
from the invention in its broader aspects as set forth in the claims provided hereinafter.



United States Patent 5,429,727

Vogt ,   et al. July 4, 1995

14



United States Patent 5,429,727

Vogt ,   et al. July 4, 1995

15



United States Patent 5,429,727

Vogt ,   et al. July 4, 1995

16



United States Patent 5,429,727

Vogt ,   et al. July 4, 1995

17



United States Patent 5,429,727

Vogt ,   et al. July 4, 1995

18



United States Patent 5,429,727

Vogt ,   et al. July 4, 1995

19



United States Patent 5,429,727

Vogt ,   et al. July 4, 1995

20



United States Patent 5,429,727

Vogt ,   et al. July 4, 1995

21



United States Patent 5,429,727

Vogt ,   et al. July 4, 1995

22



United States Patent 5,429,727

Vogt ,   et al. July 4, 1995

23



United States Patent 5,429,727

Vogt ,   et al. July 4, 1995

24



United States Patent 5,429,727

Vogt ,   et al. July 4, 1995

25



United States Patent 5,429,727

Vogt ,   et al. July 4, 1995

26



United States Patent 5,429,727

Vogt ,   et al. July 4, 1995

27



United States Patent 5,429,727

Vogt ,   et al. July 4, 1995

28



United States Patent 5,429,727

Vogt ,   et al. July 4, 1995

29



United States Patent 5,429,727

Vogt ,   et al. July 4, 1995

30



United States Patent 5,429,727

Vogt ,   et al. July 4, 1995

31



United States Patent 5,429,727

Vogt ,   et al. July 4, 1995

32


	ELECTROCATALYTIC CERMET GAS DETECTOR/SENSOR
	Abstract
	Government Interests
	Claims
	Description
	Figure 1AA
	Figure 1AB
	Figure 1B
	Figure 1C
	Figure 1D
	Figure 2
	Figure 3A
	Figure 3B
	Figure 3C
	Figure 4A
	Figure 4B
	Figure 4C
	Figure 4D
	Figure 4E
	Figure 5A
	Figure 5B
	Figure 5C
	Figure 5D
	Figure 5E
	Figure 5F
	Figure 5G
	Figure 6
	Figure 7A
	Figure 7B
	Figure 7C
	Figure 8A
	Figure 8B
	Figure 8C
	Figure 9A
	Figure 9B
	Figure 10A
	Figure 10B
	Figure 10C
	Figure 10D
	Figure 10E
	Figure 10F
	Figure 10G
	Figure 11
	Figure 12A
	Figure 12B
	Figure 12C

