








NOx sensing behavior of Au/Pt twine electrodes using the same electrolyte. The 

preliminary results presented indicated sensor fabrication methods resulted in a suitable 

porous YSZ-2 %Ah0 3  composite electrolyte microstructure that was free of surface 

cracks. The elemental mapping results indicated are reasonable distribution of AI2O3 

particles throughout the electrolyte. The impedance data collected at different 

temperatures indicated the impedance decrease with increasing temperature. Overall, the 

high frequency arc for the sensors dominated the impedance response. Since this result 

was independent of temperature, it was likely due to the presence of 2 wt% AI2O3 within 

the electrolyte. The impedance data collected using the 2-point method illustrated the 

combined electrical response of the Pt and Au electrodes within the NOx sensor. This 

information will be used to analyze data collected using a 3-point impedance 

measurement technique, which will allow the individual contributions of the Pt and Au 

electrodes to be distinguished. An understanding of the electrical behavior of the Pt and 

Au electrodes is expected to be useful for interpreting the electrical behavior of Au/Pt 

twine electrodes at YSZ-AI2O3 based NOx sensors.

6.2 Au/Pt Twine Electrode Study with Pt Counter Electrode

Dense Au/Pt electrodes made from wires that are twined together are expected to 

extend the processing temperature tolerance of the electrode, but may also limit the 

reaction sites along the triple phase boundary (TBP) and compromise NOx sensitivity. 

The aim of this study was to explore the feasibility of dense Au/Pt twine electrodes for 

NOx sensing.
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6.2.1 Experimental

The process has already been discussed in the Section 3.1.1.2. Figure 6-8 shows 

the schematic of the sensor Au/Pt electrode.

Pt counter 
Electrode

13.5 mm

Porous Electrolyte 
Pellet

Au/Pt Sensing 
Electrode6 m m  p-

Figure 6-8: Schematic diagram of the NOx Sensors with Au/Pt twined sensing 
electrode.

Electrochemical data were collected by placing a sensor into a quartz tube on a 

ceramic holder that was placed into a tube furnace, which exposed the electrolyte and 

electrodes to the same environment. Temperatures of 600-700°C, NO concentrations of 

0-100 ppm, and 10.5% O2 concentration with N2 as the balance gas were the conditions 

utilized to test the sensors. Here, the electrolyte was 8 mol% YSZ mixed with 2 wt % 

AI2O3 .
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6.2.2 Result and Discussion

6.2.2.1 Impedance Behavior. Figure 6-9 depicts data collected using a 2-point

electrode impedance measurement technique. Figures 6-9 a and 6-9 b display the 2-point 

measurement Nyquist plots with Au/Pt and Au as the working electrodes at 625°C. From 

these plots it can be concluded that there is a decrease in RLF in the presence of NO in 

the environment.
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Figure 6-9: Nyquist plot of the NOx Sensors with (a) Au/Pt (b) Au sensing electrode.

6.2.2.2 NO Sensitivity. Figure 6-10 shows the NO sensitivity plots using Au/Pt 

twine and Pt sensing electrodes. NOx sensors based on the Au/Pt twine sensing electrode 

demonstrated similar sensitivity to that observed for Au sensing electrodes. Thus, Pt had 

a negligible effect on the sensing behavior. From Figure 6-11, it can be said that the 

temperature dependence of the Au/Pt sensing electrodes was also very similar to that of 

Au as the sensitivity decreased with the operating temperature. Overall, the data indicated 

the Au/Pt sensing electrode is a promising alternative to Au sensing electrodes.

103



-2.0
10.5% 0 2  + N2+ NO

-2.5- ■ Au sensing electrode 
•  Au/Pt sensing electrode

-3.0-
m= .011+0.0013

C -3.5 -

-4.0-
m = .012± 0.0015

m =

-5.0
10 0 10 20 30 40 50 60 70 80 90 100 110

[NO] ppm

Figure 6-10: NO sensitivity plot of the NOx Sensors with Au/Pt and Au 
sensing electrode at 600°C.
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Figure 6-11: NO sensitivity plot of the NOx Sensors with Au/Pt and Au 
sensing electrode in different operating temperatures.
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6.2.3 Conclusions

By comparison of the NOx sensors containing Au/Pt twine sensing electrodes and 

Au sensing electrodes, it was seen that Pt wire wrapped with Au wire was not affecting 

the NO sensitivity, but can enable the sensing electrode to be more robust from a 

fabrication point of view.
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CHAPTER 7

CONCLUSIONS AND FUTURE WORK

7.1 Conclusions

The work presented here has discussed the application of different dense single

phase and composite electrodes in NOx gas sensing for any diesel vehicle exhaust system. 

From the entire study, these following conclusions can be drawn:

• The dense LSM electrode study was done using both porous LSM and dense Au

counter electrodes and a difference in the NO sensitivity resulting was reported. The 

sensor with porous LSM counter electrode showed much improved sensing activity than 

that of the Au counter electrode at 575°C. The reason behind it most probably is the 

thermal coefficient mismatch between the electrolyte (YSZ) and the Au wire. This study 

showed how the micro-cracks on the electrolyte surface can deteriorate the sensing 

performance of the sensor. Though the sensor with porous LSM counter electrode 

showed good NO sensitivity, there was also a considerable amount of water and CH 4 

cross-sensitivity.

• For the perovskite based composite electrode study, LSM was mixed with one

electronic conductor, Au, and an ionic conductor, YSZ, and a mixed conductor, LSCF.

In comparing the results for LSM-Au, LSM-YSZ and LSM-LSCF based sensors, it was 

established that the LSM-Au composite showed -2 5 %  higher sensitivity than
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LSM based sensors ~ 50% higher sensitivity than LSM-YSZ based sensors and ~ 35% 

higher sensitivity than LSM-LSCF based sensors at 575°C. From the angular frequency 

analysis, it was found that 20 Hz was the frequency that yielded the highest NO 

sensitivity for all of the perovskite based sensors. Water cross-sensitivity for the LSM- 

Au based sensors was much lower (~ 7%) than that of LSM and LSM-YSZ based 

sensors (~ 20 - 30%). The addition of Au probably increased the NO sensitivity and 

reduced the water cross-sensitivity. CH4 cross-sensitivity was also improved after 

adding Au with LSM. Mixing YSZ with LSM most probably reduced the length of the 

TPB, in turn reducing the NO sensing capability.

• The sensor accuracy study for both LSM and LSM-Au based sensors showed 

LSM-Au based sensors had better accuracy than that of LSM when temperature 

perturbations were considered. The LSM-Au based sensors also showed a stable 

performance after 360 hours of testing under dry and 10% humidified conditions.

• The novel composite NOx sensor composed of LSM-Au based composite 

electrode and YSZ-PSZ (50:50) based composite electrolyte was studied. This sensor 

showed ~ 23% greater NO sensitivity compared to LSM-Au based sensor with YSZ 

electrolyte. However, the water cross-sensitivity of this novel composite sensor was 

higher than that of the sensor with only YSZ electrolyte and LSM-Au composite 

electrode. Overall, achieving such a high NO sensitivity with the novel composite 

sensor was a promising outcome of the project. The response rate of this sensor was 

also comparable to other composite electrode (LSM-Au and LSM-YSZ) based sensors 

tested during this project.
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• Au/Pt twine electrodes were also a part of this study. Those electrodes were 

studied to explore the possibilities of making Au/Pt composite electrodes to facilitate 

NOx sensing. Au/Pt twine electrodes were tested for NO sensing and compared to the 

results with pure Au wire electrodes for NO sensing. The result showed no significant 

compromise in NO sensing due to the presence of Pt wire in the twine electrode. This 

result was promising as the preceding step of making Au/Pt composite.

7.2 Future W ork

These are some areas of this thesis work where there is potential for future

studies:

• During the study with LSM-Au electrodes, it was found that the rate of response 

of the sensor was not that fast as the sensor made of pure LSM electrodes. According to 

another study, the sensor response rate can be improved by changing the Au particle 

size [52]. So, there can be an interesting study on how the size of an Au particle in 

LSM-Au composite influences the NOx sensitivity of the sensor.

• While studying the novel composite sensor, high water cross-sensitivity was 

reported when the composite YSZ-PSZ electrolyte was used. Changing the ratio of 

YSZ and PSZ in the composite electrolyte may improve the water cross-sensitivity as 

other studies have shown that water behaviour of the sensors alter with the change in 

quantity of YSZ and PSZ in the composite electrolyte [91]. In addition, there may be a 

more suitable operating frequency to apply as other works with such an electrolyte were 

conducted at a higher operating frequency (40 Hz) compared to the 20 Hz used in the 

present work.
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• The cross-sensitivity of the novel composite sensor can also be tested for

other exhaust gases like NH 3 , hydrocarbons, CO, and CO2 .
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APPENDIX A

TEST OF LSM AND LSM-Au BASED NO* SENSORS UNDER 
DIFFERENT AC SIGNAL AMPITUDE
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NOx sensor testing under different AC signal amplitude was done to further 

understand the sensing mechanism. This test was done on LSM-Au based sensors as 

these showed the best performance among all the sensors tested. LSM based sensors were 

tested for comparison purpose.

A.1 Experimental

LSM and LSM-Au base sensors were tested at 575°C in the presence of 10.5% O2 

and N2 as a balance gas with and without 100 ppm NO. The AC amplitude was changed 

from 50-150 mV by using Gamry Reference 600 and the corresponding electrical 

responses were collected.

A.2 Result and Discussion

50 mV
100  mV
150mV 
50 mV 

100 mV 
150mV

0 2 4 6 8 10 12 14 16 18 0 2 4 6 8 10 12 14 16 18 20 22

Z'(kO) Z‘(kO)

Figure A -l: Nyquist plot under different AC amplitude test for (a) LSM and (b) LSM-Au 
based NOx sensors.

There was no substantial change reported for the test under different AC 

magnitude of the input signal from Figure A-l. Hence, it can be concluded that AC

1 1 1



magnitude of the input signal within that specific range does not have a significant effect 

on the sensor response.
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