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1
CARBON DIOXIDE SENSOR

This work was supported by CISM through the Depart-
ment of Energy Contract No. DE-FC26-03NT41615 and, as
such, the United States government may have certain rights
thereto.

FIELD OF THE INVENTION

The present invention generally relates to carbon dioxide
(CO,) sensors. In one embodiment, the present invention
relates to a carbon dioxide (CO,) sensor that incorporates
lithium phosphate (Li;PO,) as an electrolyte and sensing
electrode comprising a combination of lithium carbonate
(Li,CO;) and barium carbonate (BaCQO,). In another embodi-
ment, the present invention relates to a carbon dioxide (CO,)
sensor has a reduced sensitivity to humidity due to a sensing
electrode with a layered structure of lithium carbonate and
barium carbonate. In still another embodiment, the present
invention relates to a method of producing carbon dioxide
(CO,) sensors having lithium phosphate (Li,PO,) as an elec-
trolyte and sensing electrode comprising a combination of
lithium carbonate (Li,CO;) and barium carbonate (BaCO,).

BACKGROUND OF THE INVENTION

Carbon dioxide sensors are becoming increasingly impor-
tant for monitoring air-quality, measuring metabolic activity
of'animals and controlling combustion. While there are com-
mercial sensors for air quality monitoring, no reliable sensor
exits for high-temperature combustion-related applications.
Among several designs for cost effective carbon dioxide
(CO,) sensor with high sensitivity and selectivity, the poten-
tiometric type sensor that consists of Na* or Li* conductor, a
metal carbonate sensing electrode and a reference electrode
were thought to be promising because they exhibit satisfac-
tory EMF signals over a wide range gas concentrations and
temperatures (see, e.g., Y. Saito and T. Maruyama; Recent
Developments of Sensors for Carbon Oxides Using Solid
Electrolytes; Mid State Ionics 28 to 30; (1988); pp. 1644 to
1647 and C. Park, C. Lee, S. Akbar, and J. Hwang; The Origin
of Oxygen Dependence in a Potentiometric CO, Sensor with
Li-lon Conducting Electrolytes; Sensors and Actuators B; 88;
(2003); pp. 53 to 59). However, such sensors suffer from
various drawbacks including but not limited to, limited effec-
tiveness in humid conditions.

Potentiometric sensors based on a Na* conductor such as
NASICON® (see, e.g., Y. Saito and T. Maruyama; Recent
Developments of Sensors for Carbon Oxides Using Solid
Electrolytes; Mid State Ionics 28 to 30; (1988); pp. 1644 to
1647) attached to a Na,CO; sensing electrode are reported to
respond well to changes in CO, concentration, following
Nernst’s equations when dry CO, is used. The time required
for 90% response is, however, reported to be several minutes
at 500 to 700° C. A major problem with these sensors is that
they suffer from strong interference from humidity.

Attempts to improve the sensor performance by modifica-
tion of the sensing electrode material are described for the
firsttime in references (see, e.g., N. Miura, S.Yao, Y. Shimizu,
N. Yamazoe; High Performance Solid Electrolyte Carbon
Dioxide Sensor with a Binary Carbonate Electrode; Sensors
and Actuators B; 9; (1992); pp. 165 to 170; and S. Yao, Y.
Shimizu, N. Miura, N. Yamazoe; Solid Electrolyte Carbon
Dioxide Sensor Using Sodium-lon Conductor and Li,CO;—
BaCOj Electrode; Japanese Journal of Applied Physics, Part
2,31; (1992); pp. 197 to 199). The sensor using binary car-
bonate (Na,CO;—BaCO;) reportedly exhibits a faster
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response than a sensor that employs Na,CO; alone when
BaCO, content is more than a critical amount (see, e.g., S.
Yao, Y. Shimizu, N. Miura, N. Yamazoe; Solid Electrolyte
Carbon Dioxide Sensor Using Sodium-Ion Conductor and
Li,CO;—BaCO; Electrode; Japanese Journal of Applied
Physics, Part 2,31; (1992); pp. 197 to 199).

Thus, there is a need in the art for improved CO, sensors
that work across a wide range of temperatures, as well as CO,
sensors that are less sensitive to humidity.

SUMMARY OF THE INVENTION

The present invention generally relates to carbon dioxide
(CO,) sensors. In one embodiment, the present invention
relates to a carbon dioxide (CO,) sensor that incorporates
lithium phosphate (Li;PO,) as an electrolyte and sensing
electrode comprising a combination of lithium carbonate
(Li,CO;) and barium carbonate (BaCQO,). In another embodi-
ment, the present invention relates to a carbon dioxide (CO,)
sensor has a reduced sensitivity to humidity due to a sensing
electrode with a layered structure of lithium carbonate and
barium carbonate. In still another embodiment, the present
invention relates to a method of producing carbon dioxide
(CO,) sensors having lithium phosphate (Li;PO,) as an elec-
trolyte and sensing electrode comprising a combination of
lithium carbonate (Li,CO;) and barium carbonate (BaCO,).

In one embodiment, the present invention relates to a car-
bon dioxide sensor comprising: an alkaline metal phosphate
substrate; at least two conductive leads; at least one reference
electrode; and at least one sensing electrode, wherein the
sensing electrode is formed from an alkaline carbonate coated
with an alkaline earth carbonate.

In another embodiment, the present invention relates to a
carbon dioxide sensor comprising: a lithium phosphate sub-
strate; at least two conductive leads; at least one reference
electrode; and at least one sensing electrode, wherein the
sensing electrode is formed from lithium carbonate coated
with barium carbonate and wherein the sensor exhibits sen-
sitivity up to a temperature of at least about 700° C.

In still another embodiment, the present invention relates to
a carbon dioxide sensor comprising: a lithium phosphate
substrate; at least two conductive gold leads; at least one
reference electrode formed from a combination of lithium
titanate and titanium (IV) oxide; and at least one sensing
electrode formed from lithium carbonate coated with barium
carbonate, wherein the sensor exhibits sensitivity up to a
temperature of at least about 700° C. regardless of the level of
relative humidity present.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG.11is a schematic illustration of a carbon dioxide sensor
in accordance with one embodiment of the present invention;

FIG. 2 is a graph illustrating the response transient of a
sensor with BaCO; coated on Li,COj; in dry and humid CO,
at 500° C.;

FIGS. 3(a) and 3(b) are graphs illustrating the response
transient of a sensor with (a) pure Li,CO; and (b) a physical
mixture of BaCO;—Li,CO; in dry and humid CO, at 500°
C.;

FIG. 4 is a graph illustrating the dependence of EMF on log
[CO, concentration] for sensors with pure L[i,CO, and
BaCO; coated on Li,COj in dry and humid conditions at 500°
C.;

FIGS. 5(a) and 5(b) are graphs illustrating the long-term
test of the sensor with BaCO; coated on Li,CO; (a) fora 9
hour continuous test and (b) for a 60 day test in humid con-
dition at 500° C.;
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FIG. 6 is a graph illustrating sensor EMF response from
seven different sensors;

FIG. 7 is a graph illustrating XRD diffraction pattern for (a)
pure BaCO;; (b) BaCO; coated on Li,CO;; and (c) pure
Li,COy;

FIGS. 8(a) and 8(b) are (a) an SEM image of the surface of
BaCOj, coated on Li,CO; powder and (b) mapping of Ba
content by EDS; and

FIGS. 9(a) and 9(b) are cross-sectional images of BaCO,
coated on Li,CO; by (a) FIB and (b) TEM.

DETAILED DESCRIPTION OF THE INVENTION

The present invention generally relates to carbon dioxide
(CO,) sensors. In one embodiment, the present invention
relates to a carbon dioxide (CO,) sensor that incorporates
lithium phosphate (Li;PO,) as an electrolyte and sensing
electrode comprising a combination of lithium carbonate
(Li,CO;) and barium carbonate (BaCQO,). In another embodi-
ment, the present invention relates to a carbon dioxide (CO,)
sensor has a reduced sensitivity to humidity due to a sensing
electrode with a layered structure of lithium carbonate and
barium carbonate. In still another embodiment, the present
invention relates to a method of producing carbon dioxide
(CO,) sensors having lithium phosphate (Li;PO,) as an elec-
trolyte and sensing electrode comprising a combination of
lithium carbonate (Li,CO;) and barium carbonate (BaCO,).

In one embodiment, the present invention relates to carbon
dioxide (CO,) sensors built with a sensing electrode compris-
ing a mixture of an alkali carbonate and an alkaline earth
carbonate, where such a sensing electrode exhibits better
stability against humidity than those based on single carbon-
ate. While not wishing to be bound to any one theory, one
possible reason for such improved behavior is due to the
better stability of the binary carbonate against water vapor. In
one embodiment, such an alkali carbonate and an alkaline
earth carbonate binary carbonate system is composed of a
Li,CO;—BaCO; binary system. In another embodiment, the
sensing electrode of the present invention is a layer, or some
other three dimensional shape, of Li,CO, coated with
BaCO,.

In one embodiment, carbon dioxide sensors in accordance
with the present invention can operate at a wide range of
temperatures including high temperatures of up to about 400°
C., up to about 500° C., up to about 600° C., or even up to
about 700° C. In another embodiment, carbon dioxide sensors
in accordance with the present invention are less sensitive, or
even immune, to influence by humidity and can operate at any
relative humidity level including, but not limited to, up to
about 50 percent relative humidity, up to about 60 percent
relative humidity, up to about 70 percent relative humidity, up
to about 80 percent relative humidity, up to about 90 percent
relative humidity, up to about 95 percent relative humidity, up
to about 97 percent relative humidity, up to about 99 percent
relative humidity, or even at 100 percent relative humidity. It
should be noted that the either set of individual range limits
above can be combined to form various closed end ranges.

Fabrication of Sensor Elements:

Turning to FIG. 1, FIG. 1 illustrates a carbon dioxide
sensor according to one embodiment of the present invention.
In the sensor of FIG. 1 the carbon dioxide sensor is formed
from lithium phosphate (Li PO, available from Alfa Aesar,
99.5%) added with 5 mole percent of SiO, to enhance the
sinterability used as an electrolyte. The powder mixture is
ball-milled in ethanol for about 8 hours and dried at about
120° C. The dried mixture is compacted into a disc at 1.5 kpsi
and sintered at 800° C. for about 8 hours with a heating and
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cooling rate of 3° C./min. A Lindbergh furnace (Model
51732-B) is utilized for the heat treatment. On both sides of
the Li;PO, electrolyte disk of 1.2 in diameter and 0.8 mm
thick, gold paste (Heraeus Gold ink) is painted with a diam-
eter of 4 mm. It is cured at 700° C. for 1 about an hour at a
heating/cooling rate of 3° C./mh in a Lindberg box furnace.

Lithium titanate (Li,TiO,, Lithium Corporation of
America Inc., 99%) mixed with 5 m/o of'titania (TiO,, Alpha
Aesar, 99.9%) is used as the reference electrode. The powder
mixture is ball-milled in ethanol. It is then mixed with an
a-terpineol organic binder (available from Fisher Chemicals)
and painted on the surface of the Li;PO, electrolyte. It is
cured following the same heat treatment profile of the gold
paste cuing. In order to compare the sensing behaviors, the
sensing electrode is fabricated with three different materials:
(A) pure lithium carbonate; (B) a physical mixture of lithium
carbonate and barium carbonate with a molar ratio of 1:1; and
(C) lithium carbonate with a coating layer of barium carbon-
ate. For the sensor with electrode A, lithium carbonate
(Li,COj;, Alpha Aesar, 99%) is ball-milled in ethanol and
painted on the surface of the Li,PO, electrolyte by hand-
painting and cured at 600° C. for bout one hour at a heating
and cooing rate of 3° C./min. For the sensor with electrode B,
lithium carbonate and barium carbonate (BaCOj;, available
from J.T. Baker Chemical Company, 99%) is mixed in a 1:1
molar ratio, ball-milled in ethanol and painted by hand-paint-
ing. In order to avoid the eutectic reaction (at 609+4° C.) of
Li,CO, and BaCO,, the sensor is cured at 500° C. for about 3
hours at a heating and cooing rate of 3° C./min. For the sensor
with electrode C, the coating layer of BaCO,, the powder of
BaCO; coated on Li,COj is painted and cured under the same
condition as that of electrode B. The following process is used
to coat Li,CO; with BaCO,.

Inthe coating process, barium nitrate (Ba(NO;),, available
from Johnson Matthey, 99.999%) is used as a BaCO; precur-
sor. Next, an 0.2 M Ba(NO,), aqueous solution is prepared in
de-ionized water using magnetic stirring. Two weight percent
Li,CO; powder is added into the Ba(NO;), solution, and then
water is removed by heating in rota-evaporator. For Ba(NO;),
decomposition and reaction with CO, gas, the dried powder is
heat-treated at 580° C. for about 3 hours under CO, atmo-
sphere. During the heat treatment, BaCO, is coated on the
surface of the Li,CO; powder.

Measurement of Sensing Properties:

For sensing tests, the sensor is located in the central uni-
form temperature zone of a Lindberg horizontal tube furnace.
Three gases N.,, air, and CO, are mixed for the sensing tests.
Sample gases are prepared from pure CO, diluted in nitrogen
by mining it with air. The CO, gas concentration from 5% to
20% is controlled by mixing. The gases are vented out
through a water bubbler into the exhaust pipe. Humid gas is
prepared by allowing gas mixture to be bubbled through
water at room temperature. In humidity tests, the relative
humidity is 80%. The test temperature is 500° C. The EMF
values of the sensor are measured by a two-probe technique
with a model HP 34401A voltmeter.

Microscopy and XRD Analysis:

The micro-structural observation and phase analyses of the
coated samples are done by using XRD, SEM, TEM and FIB.
The surface image of the sensing electrode is observed by
scanning electron microscope (SEM, Quanta, FEI), and the
cross-sectional images of the sensing electrode and the thick-
ness of BaCO; coating layer is investigated by focused ion
beam (FIB, Strata DB235, FEI) and transmission electron
microscope (TEM, CM 200, FEI). The phase analyses of pure
Li,CO; and BaCO; coated on Li,CO; system are determined
using Scintag PAD-V diffractometer with Cu Ka radiation at
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45kV and 20 mV in 20 range from 10to 70°. JCPDS standard
data are compared to the spectra for phase identification.

Sensing Properties:

FIG. 2 shows the response transients to dry and humid CO,
gas from 0% to 20% at 500° C. for a sensor with electrode C,
BaCO; coated on Li,CO;. The sensor showed a good CO,
sensing behavior under both dry and humid conditions. At all
CO, concentrations, the EMF values (by the base line EMF
value) are very similar under both dry and humid conditions.
The difference of sensitivity between dry and humid condi-
tions is less than 2%. It is found that the response transients of
the sensor are hardly affected by water vapor though the
response of the sensor became slightly sluggish. The 80%
response time of the sensor is 14 seconds under dry condi-
tions, and 54 seconds under humid conditions. In addition, the
sensor showed fast recovery under humid conditions.

For comparison, FIG. 3 shows the response transients of
the sensors with electrode A (pure Li,CO;) and electrode B
(the physical mixture of Li,CO;—BaCO,) at 500° C. with
dry and humid CO, gas. As seen from FIG. 3, the response
transients of the sensors to dry CO, gas are quite reasonable.
However, the response is seriously affected by the presence of
water vapor. In FIG. 3(a), for the sensor with pure Li,COj;, the
difference of sensitivity between dry and humid test became
larger from 4% to 9%. Under humid conditions, the response
and the recovery are very slow, although the sensor with the
physical mixture of Li,CO;—BaCO; shows a better recovery
and a smaller difference in sensitivity compared to the sensor
with pure Li,COj;, as shown in FIG. 3(b).

FIG. 4 shows the Nerstian behavior of the sensors with
electrode A (pure Li,CO;) and electrode C (BaCO; coated on
Li,CO;) at 500° C. under dry and humid conditions. For the
sensor with BaCOj; coated on Li,CO,, the EMF values
changed linearly with the logarithm of CO, concentration in
the entire range tested under both dry and humid conditions
with a Nerstian slope of 73.9 mV/decade and 73.6 mV/de-
cade. These values of the Nerstian slope are very similar to the
theoretical value at 500° C. 76.6 mV/decade. For the sensor
with pure Li,COj, the Nerstian slope for the dry condition is
74.6 mV/decade and for the humid condition is 67.7 mV/de-
cade.

In order to check long-term stability against humidity sens-
ing behaviors are investigated at 500° C. for 9 hours continu-
ously and for 60 days with an interval of 2 to 3 days under
humid conditions. FIG. 5(a) shows the sensing behavior of
the sensor with BaCOj; coated on Li,COj; for 9 hours under
dry and humid conditions. During the 9 hour continuous
humidity test, the EMF values show good match with those
for the dry test. FIG. 5(b) shows the EMF values at 5% and
10% CO, for 60 days under humid conditions. As shown in
FIG. 5(b), it can be seen that the sensor signals are sufficiently
stable during the test period of about 60 days.

When 7 sensors with BaCO; coated on Li,COj; are fabri-
cated using the same procedure they showed similar behavior
under the humid condition. The Nerstian slope of the 7 dif-
ferent sensors show about 1.3 standard deviations as can be
seen from FIG. 6. Under humid conditions, the maximum
Nerstian slopeis 73.6 and the minimum was 70.4. The sensors
show very good reproducibility.

Sensing Electrode of BaCO; Coated on Li,COj:

FIG. 7 shows X-ray diffraction patterns obtained for
BaCOj coated on Li,CO; powder. Together with this data, the
XRD pattern for pure BaCO; and Li,CO; are shown for
comparison. All peaks observed for BaCOj coated on Li,CO;
powder are identified as either BaCO; or Li,CO; phase. No
shift in peak positions is observed. These results suggest that
lithium and barium carbonates do not form substitutional
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solid solutions. Such a conclusion seems to be justified taking
into account the differences in crystal structures (Li,CO,-
monoclinic, BaCOj;-orthorhomic), ionic radii (Li*0.59 Ang-
stroms, Ba**1.36 Angstroms) and valences of both ions.

In order to investigate the chemical composition and
homogeneity of the samples, an electron diffraction spectros-
copy analysis technique is used in conjunction with scanning
electron microscopy (SEM-EDS, Qunata). FIG. 8(a) shows
BaCO, coated on Li,CO; powder with smooth surface mor-
phology. The distribution of the Ba element within the sens-
ing electrode is examined using EDS element mapping on the
SEM, as shown in FIG. 8(5). The data reveals a homogenous
distribution of Ba on the surface. This indicates that the
Li,CO, powders have a uniform and continuous BaCOj coat-
ing layer. This uniform coating may be attributed to the fact
that Li,CO, powder remains dispersed during the coating
process by rota-evaporator due continuous rotation.

FIG. 9(a) shows the cross-sectional image of the sensing
electrode by FIB. Due to different contrast of materials, two
layers are observed by ion beam. The outer thin layer is
BaCO, and the inner layer is Li,CO;. A representative TEM
image of BaCO; coated on Li,CO; powder is shown in FIG.
9(b). The L1,CO, surface is covered with a continuous BaCO,
coating layer. The thickness of BaCO; coating layers is
around 300 nm.

CO, Sensing Mechanism:

The current sensors are composed of the following solid-
state electrochemical cell: Air, CO,, AulBaCO, coated on
Li,CO4IL1,PO,IL1, TiO5+Ti0,lAu, CO,, Air. The sensing
electrode composed of binary carbonate system such as
Li,CO; and BaCO; has been investigated by earlier research-
ers (see, e.g., S. Yao, Y. Shimizu, N. Miura, N. Yamazoe; Solid
Electrolyte Carbon Dioxide Sensor Using Sodium-lon Con-
ductor and Li,CO;—BaCO; Electrode, Japanese Journal of
Applied Physics; Part 2,31 (1992); pp. 197 to 199; and P.
Pasierb, S. Komornicki, R. Gajerski, S. Kozinski, M. Rekas;
The Performance and Long-Time Stability of Potentiometric
CO, Gas Sensors Based on the (Li—Ba)CO;INASICON)|
(Na—T1i—O0) Electrochemical Cell; Solid State Ionics, 157,
(2003); pp. 357 to 363). A sensing electrode reaction as
shown below has been proposed.

2Li*(or Ba?*)+CO,+1/20,+2e =Lis(or Ba)CO; €8}

The reference electrode reaction is written as shown below.

2Li*+1/20,+2¢ =Li,O )

When the activities of Li,CO; are constant, the EMF values
can be expressed as shown in Equation (3) below.

E=E,—RT/2FInP(CO,) 3)

Where, the parameter 2 in Equation (3) denotes the number of
electrons taking part in the sensing electrode reaction. FIG. 4
shows the experimental dependency of E versus log P(CO,).
For the sensor with pure Li,CO;, the slopes of the Nerstian
equation are different between dry and humid conditions.
This may result from the deterioration of Li,COj; into other
compounds such as LiOH, LiHCO; and Li,CO; xH,O in the
presence of water vapor, though the specific reason is
unknown. The sensor with BaCO; coated on Li,CO; elec-
trode is shown to give same Nerstian slopes of dry and humid
conditions, which are very close to the theoretical value for
the number of electrons (n=2) for sensing electrode reaction.
However, the constant E, of Equation (3) has values different
from those observed for the Li,CO; electrode. This reflects
that the activity of Li,CO; in Equation (1) changes when the
Li,CO; electrode is coated with BaCOj;.
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The Role of BaCO, Coating:

In one embodiment, it is believed that the BaCO; coating
on Li,COj electrode contributes to the increase in resistance
against humidity as a chemical and physical barrier. The outer
BaCQO; layer plays a role as a physical barrier of hindering
diffusion of water vapor, while the inner Li,CO; layer does
the CO, sensing. The BaCO; layer did not affect on the activ-
ity of Liion because the sensor with BaCO; coated on Li,CO;
showed the same sensitivity with the sensor with pure Li,CO,
under dry conditions. The difference in affinity of water
between BaCO; and Li,CO; provides the effect of chemical
barrier. The solubility of Li,CO; in water is 0.0065 grams at
100° C., and that of BaCOj; in water is negligible. Such low
affinity of BaCO; to water may contribute high resistance
against humidity. Other binary systems such as Li,CO;—
CaCO, and Na2CO;—SrCO3 are also found to show similar
stability in the presence of water vapor because CaCO; and
SrCO; have no solubility in water (see, e.g., N. Miura, S. Yao,
Y. Shimizu, N. Yamazoe; High Performance Solid Electrolyte
Carbon Dioxide Sensor With a Binary Carbonate Electrode;
Sensors and Actuators B, 9 (1992); pp. 165 to 170; and Yao, S.
Hosohara, Y. Shimizu, N. Miura, H. Futata, N. Yamazoe;
Solid Electrolyte CO, Sensor Using NASICON and Li-Based
Binary Carbonate Electrode; Chemistry Letters, 31 (1991);
pp. 2069 to 2072).

A potentiometric CO, gas sensor with lithium phosphate
electrolyte is fabricated with a sensing electrode of BaCO,
coated on Li,CO; and it shows excellent performance toward
CO, monitoring at 500° C. under dry tests as well as under
humid tests. In addition, the sensor showed good reproduc-
ibility and long-term stability under humid conditions. All
sensors showed the Nerstian behavior in good agreement with
the theoretical response. To form the BaCO, layer on Li,COj,
awet chemical process is used. The coating layer of BaCOj; is
an effective approach to improve the sensor stability against
humidity. In the layered structure of sensing electrode, the
outer BaCO; layer improves the resistance against humidity
as chemical and physical barriers, while the inner Li,CO;
layer is responsible for the CO, sensing.

Although the invention has been shown and described with
respect to certain embodiments, it is obvious that equivalent
alterations and modifications will occur to others skilled in
the art upon the reading and understanding of this specifica-
tion. In particular with regard to the various functions per-
formed by the above described components, the terms (in-
cluding any reference to a “means”) used to describe such
components are intended to correspond, unless otherwise
indicated, to any component which performs the specified
function of the described component (e.g., that is functionally
equivalent), even though not structurally equivalent to the
disclosed structure which performs the function in the herein
illustrated exemplary embodiments of the invention. In addi-
tion, while a particular feature of the invention may have been
disclosed with respect to only one of several embodiments,
such feature may be combined with one or more other fea-
tures of the other embodiments as may be desired and advan-
tageous for any given or particular application.

What is claimed is:

1. A carbon dioxide sensor comprising:

an alkaline metal phosphate substrate;

at least two conductive leads;

at least one reference electrode; and

at least one sensing electrode,

wherein the sensing electrode is formed from an alkaline

carbonate located on the alkaline metal phosphate sub-
strate, and wherein the alkaline carbonate sensing elec-
trode is top-coated with an alkaline earth carbonate.
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2. The carbon dioxide sensing electrode of claim 1,
wherein the substrate is formed from lithium phosphate and
the at least one sensing electrode is formed from lithium
carbonate coated with barium carbonate.

3. The carbon dioxide sensing electrode of claim 2,
wherein the alkaline metal phosphate substrate is positioned
between the at least one sensing electrode formed from
lithium carbonate and the at least one reference electrode
formed from a combination of an alkaline titanate and tita-
nium (IV) oxide.

4. The carbon dioxide sensing electrode of claim 1,
wherein the substrate is formed from sodium phosphate and
the at least one sensing electrode is formed from sodium
carbonate coated with barium carbonate.

5. The carbon dioxide sensor of claim 1, wherein the sensor
exhibits sensitivity up to a temperature of at least about 700°
C.

6. The carbon dioxide sensor of claim 1, wherein the sensor
exhibits sensitivity up to a temperature of at least about 500°
C.

7. The carbon dioxide sensor of claim 1, wherein the sensor
exhibits sensitivity up to a temperature of at least about 400°
C.

8. The carbon dioxide sensor of claim 1, wherein the sensor
exhibits sensitivity at a relative humidity of at least about 50
percent.

9. The carbon dioxide sensor of claim 1, wherein the sensor
exhibits sensitivity at a relative humidity of at least about 95
percent.

10. The carbon dioxide sensor of claim 1, wherein the
conductive leads are formed from at least one conductive
metal selected from gold, silver, copper, or combinations of
two or more thereof.

11. The carbon dioxide sensor of claim 1, wherein the at
least one reference electrode is formed from a combination of
an alkaline titanate and titanium (IV) oxide.

12. The carbon dioxide sensing electrode of claim 1,
wherein the alkaline earth carbonate coating forms a barrier
layer that completely covers the exposed surface of the alka-
line carbonate layer.

13. The carbon dioxide sensing electrode of claim 1,
wherein the alkaline metal phosphate substrate is positioned
between the at least one reference electrode and the least one
sensing electrode.

14. The carbon dioxide sensor of claim 1, wherein the
conductive leads are formed from at least one conductive
metal selected from gold, silver, copper, or combinations of
two or more thereof.

15. The carbon dioxide sensor of claim 1, wherein the at
least one reference electrode is formed from a combination of
an alkaline titanate and titanium (IV) oxide.

16. A carbon dioxide sensor comprising:

a lithium phosphate substrate;

at least two conductive leads;

at least one reference electrode; and

at least one sensing electrode,

wherein the sensing electrode is formed from lithium car-

bonate located on the alkaline metal phosphate sub-
strate, wherein the lithium carbonate sensing electrode
is top-coated with barium carbonate, and wherein the
sensor exhibits sensitivity up to a temperature of at least
about 700° C.

17. The carbon dioxide sensor of claim 16, wherein the
sensor exhibits sensitivity up to a temperature of at least about
500° C.
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18. The carbon dioxide sensor of claim 16, wherein the
sensor exhibits sensitivity up to a temperature of at least about
400° C.

19. The carbon dioxide sensor of claim 16, wherein the
sensor exhibits sensitivity at a relative humidity of at least
about 50 percent.

20. The carbon dioxide sensor of claim 16, wherein the
sensor exhibits sensitivity at a relative humidity of at least
about 80 percent.

21. The carbon dioxide sensor of claim 16, wherein the
sensor exhibits sensitivity at a relative humidity of at least
about 95 percent.

22. The carbon dioxide sensor of claim 16, wherein the
conductive leads are formed from at least one conductive
metal selected from gold, silver, copper, or combinations of
two or more thereof.

23. The carbon dioxide sensor of claim 16, wherein the at
least one reference electrode is formed from a combination of
an alkaline titanate and titanium (IV) oxide.

24. The carbon dioxide sensing electrode of claim 16,
wherein the barium carbonate coating forms a barrier layer
that completely covers the exposed surface of the lithium
carbonate layer.

25. The carbon dioxide sensing electrode of claim 16,
wherein the lithium phosphate substrate is positioned
between the at least one reference electrode and the least one
sensing electrode.

26. The carbon dioxide sensing electrode of claim 16,
wherein the lithium phosphate substrate is positioned
between the at least one sensing electrode formed from
lithium carbonate and the at least one reference electrode
formed from a combination of an alkaline titanate and tita-
nium (IV) oxide.

27. A carbon dioxide sensor comprising:

a lithium phosphate substrate;

at least two conductive gold leads;

at least one reference electrode formed from a combination

of lithium titanate and titanium (IV) oxide; and

at least one sensing electrode formed from lithium carbon-

ate located on the alkaline metal phosphate substrate,
wherein the lithium carbonate sensing electrode is top-
coated with barium carbonate,

wherein the sensor exhibits sensitivity up to a temperature

ofatleast about 700° C. regardless of the level of relative
humidity present.

28. The carbon dioxide sensor of claim 27, wherein the
sensor exhibits sensitivity at a relative humidity of at least
about 50 percent.
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29. The carbon dioxide sensing electrode of claim 27,
wherein the barium carbonate coating forms a barrier layer
that completely covers the exposed surface of the lithium
carbonate layer.

30. The carbon dioxide sensing electrode of claim 27,
wherein the lithium phosphate substrate is positioned
between the at least one reference electrode and the least one
sensing electrode.

31. The carbon dioxide sensing electrode of claim 27,
wherein the lithium phosphate substrate is positioned
between the at least one sensing electrode formed from
lithium carbonate and the at least one reference electrode
formed from a combination of an lithium titanate and tita-
nium (IV) oxide.

32. A carbon dioxide sensor comprising:

an alkaline metal phosphate substrate;

at least two conductive leads;

at least one reference electrode; and

at least one sensing electrode,

wherein the sensing electrode is formed from an alkaline

carbonate coated with an alkaline earth carbonate and
wherein the alkaline carbonate forms a layer that is
located between the alkaline metal phosphate substrate
and a layer formed from the alkaline earth carbonate.

33. The carbon dioxide sensing electrode of claim 32,
wherein the substrate is formed from lithium phosphate and
the at least one sensing electrode is formed from a layer of
lithium carbonate coated with a layer of barium carbonate.

34. The carbon dioxide sensing electrode of claim 32,
wherein the substrate is formed from sodium phosphate and
the at least one sensing electrode is formed from a layer of
sodium carbonate coated with a layer of barium carbonate.

35. The carbon dioxide sensor of claim 32, wherein the
sensor exhibits sensitivity up to a temperature of at least about
700° C.

36. The carbon dioxide sensor of claim 32, wherein the
sensor exhibits sensitivity up to a temperature of at least about
500° C.

37. The carbon dioxide sensor of claim 32, wherein the
sensor exhibits sensitivity up to a temperature of at least about
400° C.

38. The carbon dioxide sensor of claim 32, wherein the
sensor exhibits sensitivity at a relative humidity of at least
about 50 percent.

39. The carbon dioxide sensor of claim 32, wherein the
sensor exhibits sensitivity at a relative humidity of at least
about 95 percent.



