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1. INTRODUCTION

Existing equipment for gas exchange-based health monitoring measure many physical
parameters. Example parameters include airway pressure, tidal volume, minute volume, temperature,
humidity, oxygen concentration in inhaled gases, oxygen and carbon dioxide concentration in exhaled
gases, and volatile halogenated hydrocarbons in an anesthetized patient’s exhaled breath. One of the
problem with existing equipment technology is that the gas sensing step is performed by very bulky and
energy intensive techniques (e.g. CO, concentration is measured using CO, absorber). For remote
settings such as combat situations, the bulky and energy intensive equipment can be as debilitating as the
potential injury itself. Thus, there is a need for innovations that can help lower the bulk and the energy
needs of non-invasive gas exchange monitoring systems.

Oxygen sensors based on oxygen-conducting ceramics, with their simplicity in construction and
operation, offer a possible solution to this problem. However, currently available oxygen sensors of this
kind, such as yttria-stabilized zirconia (YSZ) oxygen sensors, require too high temperatures to operate.
They become inefficient or ineffective if the sensor temperature falls below 600 °C. This problem is
again a significant issue because energy is a premium commodity in military applications.

Nanomaterials Research Corporation (NRC), during this program, seeks to develop low
temperature, low power consuming, miniaturized oxygen sensors for non-invasive gas exchange
monitoring systems. We choose yttria-stabilized bismuth oxide (YSB) as the electrolyte material,
because YSB has higher conductivity than YSZ at temperatures below 700 °C. With this material it is
possible to make oxygen sensors with an operation temperature lower or much lower than that for YSZ
based sensors (e.g. below 500 °C). Besides the choice of electrolyte material, there are many issues
needed to be addressed in order to make oxygen sensors of high performance (namely, high sensitivity
and selectivity, fast response, high reliability and stability) [1-12]. For instance, the electrochemical
properties of the electrolyte are quite sensitive to processing and microstructure. Moreover, the
electrochemical processes occurring at the electrode interfaces also play an important role in the
performance of gas sensors. Slow electrode kinetics are often found to be responsible for unsatisfied
device performance such as slow response, especially at lower temperatures [3-18]. The electrodes for
gas sensors should have high electrical conductivities, high catalytic activities, adequate porosity for gas
transport, good compatibility with the electrolyte, and long-term stability [3-11]. In order to achieve high
catalytic activities, it is preferred that the electrodes be highly porous so that it retains a large number of
active sites for electrochemical reactions, i.e., the triple-phase points or triple-phase boundaries. All the
above factors offer great opportunities of performance optimization through modification of processing
and microstructure. During Phase I, NRC aimed to established the proof-of-concept for developing low-
temperature, low power consuming, miniaturized oxygen sensors based on YSB materials.

The objectives of the Phase I work included fabricating an oxygen sensor based on YSB
nanomaterials, characterizing the sensor components (the electrolyte and the electrodes), testing the
sensor, and developing the conceptual basis for a systematic development and optimization work during
Phase II. During Phase I, we have studied basic dependence of properties on material, processing, and
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microstructure of the sensor components, and have identified electrode kinetics as a major performance-
limiting factor. Then we have focused on significantly improving the sensor performance by introducing
nanostructured composite electrodes. The nanostructured sensors have been evaluated extensively.
Phase I results suggest that NRC’s nanostructured sensors outperform the base line sensors, and that
nanostructured materials are excellent foundation for electrode and electrolyte processing for
physiological applications. Nanocomposite electrodes were found to be 400% better than conventional
technology, and the proof-of-concept sensing device made from nano-YSB and nanocomposite electrodes
was found to be fully functional even at temperatures that are 100°C less than the best achievable by
competing technologies. The lower temperature can significantly reduce power requirements and extend
battery life. The Phase I effort, in summary, successfully demonstrated the proof-of-concept. The
following sections outline results of the Phase I work.

2. WORK DONE FOR THE PHASE | PROGRAM

2.1. Synthesis of nanosized YSB powder

Different chemicals, including bismuth chloride (BiCl;-H,0), bismuth nitrate (Bi(NO,),"5H,0),
yttrium oxide (Y,0;), and yttrium nitrate (Y(NO,),-6H,0), were studied as precursors for preparing
nanosized YSB powder via solution co-precipitation.

Initially, bismuth chloride (BiCl,-H,0) and yttrium oxide (Y,0;) were used as precursors to
prepare first batches of nanosized YSB powder. The molecular ratio of bismuth chloride to yttrium oxide
was 6 : 1 to make the powder have a composition of Bi, 5Y,0;. When BiCl;-H,O was placed into water,
it instantaneously formed a hydroxide colloidal suspension. Therefore nitric acid was required to
facilitate the dissolution of the suspension. The solubility of Y,0O, in water was also low. In a quite acid
solution with a pH of about 1, prolonged time (more than 12 hours) was required to obtain a clear
solution. Then the Bi-Y solution was diluted with ethanol, and slowly added to a basic solution of
ammonium hydroxide, and precipitation successfully took place instantaneously. The precipitate was
then filtered, washed, dried, and calcined at 500°C in air to form fine-grained YSB powder. The calcined
powder was redispersed in water by ultrasonication to break up weak agglomerates formed during the
heat treatment. However, we observed that it was very difficult to prepare single-phased YSB
nanopowder in this way. In the attempt of obtaining the right phase, we calcined the powder under
different conditions (at 500°C for 2 hours; at 650°C for 20 minutes; and at 800°C for 20 minutes). But
X-ray diffraction (XRD) analysis consistently showed that the powder fired under these conditions does
not have a single cubic phase. Instead, it showed mixed phases with unknown XRD peaks, as shown in
Figure 1.

High quality YSB nanopowder was prepared with bismuth nitrate and yttrium nitrate precursors.
Figure 2 shows the flow chart of the co-precipitation processing. After precipitation, the precipitate
solution was suction filtered, and the gelatinous filter cake was washed in acetone to minimize
agglomeration of ultrafine powder due to hydrogen bonding. The loose powder so generated was next
dried with mild heating to remove water and acetone. Then the powder was calcined in air at 400°C for
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Figure 1. XRD patterns of YSB nanopowders prepared from bismuth chloride and yttrium oxide.

2 hours and at 500°C for 2 hours, respectively. XRD showed that both calcine schedules resulted in a
single cubic YSB phase (Figure 3). It is clear that using nitrates for preparation the YSB nanopowder
is the right synthesis protocol. 500°C seems to be a suitable calcine temperature, while 400°C may be
too low to yield good crystallinity (as indicated by the ragged XRD pattern). The volume averaged
crystallized size of the powder fired at 500°C was determined to be 12.5 nm by analyzing the broadening
of the (111) diffraction peak and applying Scherrer’s formula.

The YSB nanopowder prepared with nitrate precursors was characterized in terms of morphology
and particle size by transmission electron microscopy (TEM). Shown in Figure 4 is a TEM image of the
nanopowder prepared by co-precipitating bismuth nitrate and yttrium nitrate (calcined at 500°C for 2
hours). From the image, the average particle size was estimated to be about 15 nm, which is in good
agreement with the result obtained from XRD analysis.
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Figure 3. XRD patterns of YSB nanopowders prepared from bismuth nitrate and yttrium nitrate.
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Figure 4. TEM image of YSB nanopowder prepared from bismuth nitrate and yttrium nitrate.

2.2. Processing of YSB electrolytes

The nanopowders were uniaxially pressed at about 50000 psi into green pellets of two sizes: 12.5
mm in diameter and 1 mm in thickness (used for electrochemical characterization), and 25 mm in
diameter and 1.2 mm in thickness (used for assembling the testing sensor for performance evaluation).
The pressing process consisted of initially lubricating the die with a die lube (from Marjon Ceramics,
Tucson, AZ), followed by the weighing out appropriate amount of powder, inserting the powder in the
die, pressing to the desired pressure, holding at the pressure for 30 seconds, and then slowly releasing the
pressure over 15 seconds. Subsequently, the pellet was forced out from the die. No binder was added
for the forming process.

Different sintering conditions have been investigated in order to prepare Y SB electrolytes of high
quality. It was found that from the nanopowder the electrolytes can be sintered with greater than 96 %
of theoretical density at temperatures ranging from 850 to 950°C. In contrast, YSB electrolytes made
from micron-sized powder are typically sintered at temperatures greater than 1000°C. It is known that
the primary driving force for densification of ceramics is the reduction of free surface area at high
temperatures. The very small size of the YSB nanopowder therefore has a very large driving force for
densification, and thus the required sintering temperature can be significantly reduced relative to
commonly used micron-sized powders. Shown in Figure 5 are XRD patterns of YSB electrolyte pellets
sintered from nanopowder at 850°C for 4 hours and 950°C for 4 hours, respectively. Although both
patterns show a single cubic YSB phase, the pellets sintered at the higher temperature appeared to be
more mechanically robust. Therefore, the electrolytes have been prepared by sintering at 950°C for 4
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Figure 5. XRD patterns of YSB electrolytes prepared from YSB nanopowder.

hours for all electrochemical measurements and sensor performance evaluation in the Phase I work.

2.3. Electrochemical characterization of conventional Ag|]YSB|Ag cells

In order to determine the critical factors which limit the sensor performance and further to
identify the most effective approaches to significantly enhancing the sensor performance, we have
conducted a series measurements with conventionally-processed AglYSB|Ag cells. Shown in Figure 6
is a Nyquist plot of impedance spectrum of a measured at 475°C in air. Generally, the intercept of the
impedance loop with the real axis at high frequencies corresponds to the resistance of the electrolyte, R,,
and the intercept of the impedance loop with the real axis at low frequencies corresponds to the total
resistance of the cell, Ry. The interfacial polarization resistance of the electrodes, R, therefore, is
represented by the difference of the two intercepts, i.e, [1,2]

R,=R,-R,

Nanomaterials Research Corporation -10-
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Figure 6. Impedance spectrum of a conventionally-processed Ag|YSBJ|Ag cell measured
at 475°C in air. The electrolyte thickness is 0.07cm and the electrode area is
0.78 cm?,

Figure 6 clearly shows that the polarization resistance of the electrodes (R.) is much larger than the
electrolyte resistance (R, ). The data suggests that, at the temperature range being studied (400-650°C),
which is much lower than the operating temperatures of YSZ oxygen sensors, the electrode Kinetics is
an important issue that needs to be addressed for achieving high performance of the sensor.

This assertion was further supported by the results of a systematic electrochemical
characterization of the conventional Ag|YSB|Ag cells. Shown in Figure 7 are electrode and electrolyte
resistances of the cell as a function of temperature, measured in air. It is clear that, in the temperature
range tested, the electrode resistance is much larger than the electrolyte resistance. This indicates that
the electrode kinetics is the limiting factor to the sensor performance. Therefore enhancing electrode
kinetics would be the most effective way to enhance the sensor performance. Figure 8 further shows the
dependence of the electrode overpotential and the IR drop of the electrolyte of the cell on current density
passing through the cell. At low current densities, the electrode overpotential dominates over the IR
drop of the electrolyte. This again indicates that the sensor performance is mainly limited by electrode
kinetics, since the oxygen sensor is operated in potentiometric mode, in which the current passing
through the cell is close to zero. The electrode effect will be even more significant as the thickness of
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Figure 7. electrode and electrolyte resistances of a Ag|YSB|Ag cell as a function of temperature,
measured in air. The electrode area is 0.78 cm? and the electrode thickness is 0.07 cm.
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Figure 8. I-V characteristics of the Ag|YSB|Ag cell, measured at 625°C in air.
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Figure 9. Impedance spectra of a Ag|YSB|Ag cell and a Pt|YSBJ|Pt cell measured at 625°C
in air. The electrolyte thickness is 0.07cm and the electrode area is 0.78 cm?.

the electrolyte is reduced and as the operating temperature is lowered [1-6].

A comparison has been made for silver electrode and platinum electrode. Shown in Figure 9 are
impedance spectra of a Ag|YSB|Ag cell and a Pt|YSB|Pt cell (both were conventionally-processed)
measured at 625°C in air. Clearly, the Ag electrodes show a lower polarization resistance than the Pt
electrodes. This indicates that, in the present case, using Ag-based electrodes is a better choice than using
Pt-based electrodes as far as minimizing the polarization resistance is concerned, not to mention Ag is
much cheaper than Pt. Nevertheless, the polarization resistances of the Ag electrodes are still too large,
and special attention was paid in the Phase I work to enhance the electrode kinetics. Given the
importance of this to the proof-of-concept, modification of Ag-based electrodes was initiated and
explored in the Phase I work.

2.4. Modification of Ag-based electrodes

Electrodes for oxygen sensors should have high electrical conductivities, high catalytic activities,
adequate porosity for gas transport, good compatibility with the electrolyte, and long-term stability. In
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order to achieve high catalytic activities, it is preferred that the electrodes be highly porous so that it
retains a large number of active sites for electrochemical reactions, i.e., the triple-phase points or triple-
phase boundaries [1,3,4]. Ag has been studied as an electrode material since it is known to have high
electrical conductivity and high catalytic activity for oxygen reduction and evolution. However, pure Ag
electrodes readily densify during processing and operation, resulting in a dense electrode with little
porosity [1]. Figure 10 shows a SEM photograph of a typical view of the pure Ag electrodes. The
nearly pore-free, dense microstructure seems to account for the high electrode resistances of the
Ag|YSB|Ag cells.

In order to reduce the electrode resistances, we have studied Ag-YSB composite electrodes. In
the composites, the densification of the Ag phase is inhibited by the ceramic phase. The electrodes
then retain a porous microstructure while the sensors undergo thermal tensions during processing and
operation, as shown in Figure 11. The retained porous microstructure is expected to significantly enhance
the performance of the electrodes. In addition, electrodes of this kind should have better adhesion to the

Figure 10. SEM surface view of a pure Ag electrode on the YSB electrolyte.
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Figure 11. SEM surface view of a Ag-YSB composite electrode (containing 85 v % of Ag) on
the YSB electrolyte.

electrolytes, since the stress arising from thermal expansion mismatch between the ceramic electrolyte
and the metal electrode is minimized not only by the porous, heterogeneous microstructure of the
electrodes but also by tailoring the thermal expansion coefficient of the composites. Further, there is still
another potential advantage with using the composite electrodes. If the ceramic phases added are ionic
conductors or mixed electronic-ionic conductors, the composite electrodes as a whole may turn out to be
a mixed conductor, which allows ambipolar transport within the solid phase and hence is generally
favored for catalytic electrodes.

Shown in Figure 12 are Nyquist plots of impedance spectra of cells with the composite electrodes
in comparison with a cell with pure Ag electrodes. As determined from the impedance spectra, the
polarization resistances of the composite electrodes are significantly smaller than that of the pure Ag
electrode. As expected, the resistance of the composite electrode is a function of the composition, i.e.,
the volume fraction of each constituent phase. This allows much room for performance optimization by
adjusting the composition of the composites. The nanocomposite electrode containing 15 % ceramic

Nanomaterials Research Corporation -15-
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Figure 12. Impedance spectra of different cells measured at 475°C in air. The
electrolyte thickness is 0.07cm and the electrode area is 0.78 cm?.

phase shows a nearly 4-fold reduction in electrode resistance as compared to the pure Ag electrode. This
is a very encouraging result, especially because this was achieved without any composition optimization.
We believe that with composition optimization, further reduction in electrode resistance can be achieved,
leading to a significant enhancement in sensor performance.

Figure 13 further shows electrode resistances of the nanocomposite electrodes as a function of
temperature, as determined from the impedance spectra measured in air. Also shown in the figure are
the data for pure Ag electrode for comparison. As compared with pure Ag electrode, the nanocomposite
electrodes show significantly lower resistances. Figure 14 compares electrode overpotentials as a
function of current passing through the cell between a cell with composite electrodes and a cell with pure
Ag electrodes. Again, at the same currents, the nanocomposite electrodes show much lower
overpotentials than the pure Ag electrodes. Based on these results, it can be concluded that using Ag-
YSB composite electrodes is much preferred than using pure Ag electrodes for the YSB oxygen sensor.
Also, as shown in Figure 13, the electrode resistance of the composite electrode is a strong function of
the composition. This suggests that the sensor performance can be optimized through the composition
optimization of the composite electrodes in Phase II.

Nanomaterials Research Corporation -16 -
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Figure 13. Resistances of different electrodes as a function of temperature, as determined
from impedance spectra measured in air. The electrode area is 0.78 cm?.

2.5. Characterization of YSB electrolytes made from YSB nanopowder

Shown in Figure 15 are a series of impedance spectra of the cell using the YSB electrolyte made
from nanopowder with pure Ag electrodes, measured at different temperatures in air. The impedance
spectra of this type of cells are not much different from those measured from the cell using the YSB
electrolyte made from micron-sized powder with the same type electrode, as shown in Figure 16. This
indicates that the grain size of the YSB powder has little effect on the ionic conductivity of the sintered
YSB electrolyte and the electrochemical characteristics of the electrolyte-electrode interfaces. This
further suggests that electrode modification (surface micro-engineering) is a greater opportunity for
prepare high performance oxygen sensors. On the other hand, the ionic conductivity of the YSB
electrolyte is about two orders of magnitude higher than that of YSZ electrolyte, as shown in Figure 17.
This is what has been expected.
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Figure 14. The overpotentials of different electrodes as a function of the current
passing through the cell.
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Figure 15. Impedance spectra of a cell using YSB electrolyte made from nanopowder and Ag
electrodes, measure at different temperatures in air. The electrolyte thickness is
0.07 cm and the electrode area is 0.5 cm®.
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Figure 16. Comparison of impedance spectra from cells of two types of YSB electrolytes.
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Figure 17. Ionic conductivity of YSB electrolytes in comparison with YSZ electrolyte.
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2.6. Construction of the sensor testing system

The comprehensive testing system for various solid-state electrochemical components and
devices, including sensors, was assembled in NRC in the Phase I work. A schematic diagram of the
system design is shown in Figure 18 and is described as follows.

The test sensor consisted of an electrolyte and electrodes on both sides. Silver wire were attached
to the electrodes for making the electrical measurements. The test sensor was sealed between two
alumina tubes with a sealing glass, thereby creating two separate chambers so that the sensor is exposed
to different gases on the two sides. One chamber was filled with the sensing gas while the other
will be filled with a reference gas, which is typically air. If air was used as the reference, the second
chamber was not necessary since one side of the sensor can simply be exposed to ambient air. Yet the
two-chamber configuration allowed sensor test in a variety of gas combinations, and extensive
electrochemical characterization of sensors and other solid state electrochemical devices such as fuel cells
and oxygen pumps. Obviously, hermetic glass seals between the sample and the alumina tubes were
crucial to reliable sensor testing.

The sensor assembly was placed in a tube furnace, which was controlled by a programmable
temperature profile controller to ensure desired heating, soaking, and cooling control. A computerized
electrochemical measurement system, consisting of Solartron 1260 (impedance/phase-gain analyzer) and
1287 (electrochemical interface), was used for measuring the electrochemical properties of different
sensor components (the electrolyte and the electrodes) and the performance of the sensor.

The gas supply was furnished with a sophisticated gas control system equipped with four MKS
electronic mass flow controllers. This system was capable of providing gas mixtures of different oxygen
partial pressures with precisely controlled flow rates. The two gas feeds can be easily switched between
the two lines without the need of disconnecting and reconnecting any fitting alone the lines, so that a most
reliable control of the gases was ensured.

The partial pressures of oxygen in the inlet gases and outlet gases are further monitored by four
oxygen sensors. The monitoring of the outlet gases was an additional feature to the sensor test, while it
was necessary for the test of oxygen pump and oxygen permeation devices.

As mentioned above, identifying suitable glasses for making hermetic seals was the key to
preparing a reliable, high performance sensor cell. The requirements for the glasses in this case include
strong binding with both alumina support tube and the YSB electrolyte material, no chemical reaction
between the glass and the YSB electrolyte, and suitable thermal expansion coefficient (in between that
of alumina and that of YSB). In Phase I work, we have conducted an extensive search for the sealing
glasses. Six glasses have been tested, and two of them (VHX-57 and VTS-9 from Vitrifunctions) have
been identified as suitable glasses for assembling the sensors in this project.
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2.7. Evaluation of sensor performance

YSB electrolyte pellets of about 19 mm in diameter and about 0.9 mm in thickness (sintered from
green pellets of 25 mm in diameter and 1.2 mm in thickness) were used for sensor test. The pellets were
ground and polished to a thickness of 0.7 mm. A composite paste of 79v%Ag21v%YSB, prepared by
mixing nanopowder of YSB and unfritted Ag paste (Heraeus: C4400UF), was printed onto both sides of
the pellet, and consequently the pellet was fired at 800°C for 10 minutes to form a sensor cell with porous
composite electrodes. Then Ag wire was attached to both electrodes with a contact of Ag epoxy which
was fired at 730°C for 2 minutes. The testing sensor was constructed by sealing this cell to an alumina
support tube (shown in Figure 18) with the glasses (VHS-57, or VTS-9). Air was used as the reference
gas, and therefore the second alumina tube was not used. The sensor was operated in the configuration
of

air, 79v%Ag21v%YSB | YSB | 79v%Ag21v%YSB, Analyte gas

The sensor response to the changes in the gas composition and in temperature was monitored by
measuring the cell voltage in different conditions.

) 1 T 1 I
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Figure 19. Voltage response of a YSB sensor in oxygen as a function of temperature in
comparison with that of a YSZ sensor. The reference gas is air.
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Shown in Figure 19 is the sensor voltage response in oxygen as a function of temperature in
comparison with that of a conventional YSZ sensor. Also shown in the figure is, as a reference line, the
Nernst response calculated by:

E =Eln( P02,oxygen )

02,air

where E is the Nernst voltage, R the gas constant, T the temperature in Kelvin, F is Faraday’s constant,
Poo, oxygen aNd B, . are the oxygen partial pressures in the analyte gas and in the reference gas
respectively. Figure 19 clearly shows that the response of the YSB sensor follows Nernst behavior down
to 400°C, while the response of the YSZ sensor deviates from Nernst behavior below 500°C. This
indicates that the YSB proof-of-concept sensor can be operated at a temperature about 100°C lower than
the conventional YSZ sensor.

Shown in Figure 20 is the sensor response to changes in gas composition at 450°C. At this low
temperature, the response speed of the sensor depends on the oxygen partial pressure of the analyte gas.
In gases of relatively high oxygen partial pressure, the sensor responds quite rapidly, as in the case of air

40
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Figure 20. Response of the YSB sensor to changes in gas composition at 450°C,
with reference to air.
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and oxygen. In gases of relatively low oxygen partial pressure, the sensor response seems to be slow and
sluggish. These results clearly indicate that enhancing the electrode kinetics, especially in gases of low
oxygen partial pressure, is the key to improving the sensor performance at low temperatures. This should
be the central task in the optimization work during Phase II.

3. CONCLUSIONS

. Nanoscale YSB powder with an average particle size of about 15 nm can be successfully
synthesized via solution precipitation, using nitrates as precursors.

. Nanopowder of YSB can be processed into sensor electrolytes without binders and at
significantly lower sintering temperatures.

. A systematical characterization of conventionally-processed Ag|YSB|Ag cells indicates that Ag-

based electrodes are more catalytically active than Pt-based electrodes, and that electrode kinetics
is the limiting factor to the sensor performance.

. Modification and nano-engineering of the electrodes offers a great opportunity of performance
enhancement of the oxygen sensors. Using Ag-YSB nanocomposite electrodes instead of pure
Ag electrodes can significantly enhance electrode kinetics of YSB sensors and hence the sensor
performance.

. Ionic conductivity of the YSB electrolyte is much higher than that of YSZ electrolyte. Grain size
of the YSB powder has little effect on the ionic conductivity of the sintered YSB electrolyte and
the electrochemical characteristics of the electrolyte-electrode interfaces.

. YSB sensors with Ag-YSB composite electrodes can be operated at a temperature about 100°C
lower than the conventional YSZ sensor. Further enhancing electrode kinetics of the sensors,
especially in gases of low oxygen partial pressure, is the key to improving the sensor
performance at low temperatures.

. The sensor testing system set up at NRC is a powerful technique for evaluating sensor
performance under operating conditions.

. VHX-57 and VTS-9 from Vitrifunctions are suitable glasses for assembling the sensors in this
project.

In summary, the tasks planned for the Phase I of this project have been completed, and the proof-of-
concept of developing low-temperature, low power consuming, miniaturized oxygen sensors based on
Y SB materials has been successfully demonstrated.
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