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High-temperature mixed potential CO gas sensor for in-situ 
combustion control  
Yi Wang,‡a Liang Ma,‡a,b Wenyuan Li,a Wei Lia and Xingbo Liu*a 

An in-situ, accurate and robust sensor that can sustain high temperature of above 1000oC is needed for on-site combustion 
monitoring because it can give real-time and local data to the control system to adjust the overal combustion efficiency. In 
this work, we find that nickel oxide (NiO) is a promising sensing material to CO which is a direct indicator of the status of 
combustion process of a power plant. Under the conditions of 0.5%-3% O2 and 1000oC, the fabricated yttrium-stabilized 
zirconia (YSZ)-based mixed potential sensor using porous NiO demonstrates good sensitivity to CO, showing a signal as high 
as 36 mV to 1000 ppm CO. The effects of gas transport, structure and geometry of NiO electrode on sensing performance 
are studied. Results show that a fast gas transport is much beneficial to improved sensitivity. NiO of porous structure is much 
more sensitive to CO than that of dense structure. But t90 (time to achieve 90% final signal magnitude) of the former is much 
longer due to slow gas diffusion inside the pores. It’s worth noting that NiO sensor exhibits a positive relationship with CO 
content, opposite to other reported results of mixed potential sensors to CO. We find that it might be due to the 
electrochemical reduction, instead of oxidation of CO during the interaction with NiO at 1000 oC. Selectivity tests on how 
CO2, CH4 and steam affect CO sensing are also demonstrated. NiO is insensitive to even 10% CO2. CH4 does not shift the 
average value of CO sensing response. However, it makes the sensing signal fluctuate more intensively. 2% steam exerts a 
great influence on NiO’s sensitivity to CO: it magnifies the sensitivity of porous NiO electrode to low CO range of 0-100 ppm, 
but inhibits that of 100 ppm to 1000 ppm. Finally, the 11-day stability test demonstrates the promising stability property of 
the proposed NiO-based YSZ sensor.  

Introduction
With the global demand of energy expected to grow due to the 
population growth and progressive industrialization, the amount of 
renewable energy would not be adequate to meet the demand.1 
Fossil fuel (coal, oil and natural gas) would continue to play an 
important role in the global energy landscape for the foreseeable 
future.2, 3 Thus, with the fast-growing environmental and economic 
pressures as the world is shifting towards a low-carbon energy 
transition,4 fossil fuel-based combustion processes, especially the 
electricity/heat generation that accounts for a large portion of total 
CO2 emission,5 should perform with higher efficiency and minimum 
emission. 

Upgrading combustion control system is an effective method to 
improve the combustion efficiency because it can monitor and adjust 
the firing process in real-time to minimize the heat loss.6 It was 
reported that at Calaveras Power, JK Spruce Station, the heat rate 
and boiler efficiency was improved by 1.08% and 0.93%, respectively, 
after using a smart optimization technology.7 However, the current 
combustion control is relatively far from satisfactory, especially for 
that in large-scale boilers in industry, such as boilers in coal-fired 

power plants. It is because in addition to depending on data analytics 
and process control algorithm, advanced combustion control system 
heavily relies on the quality of the actuator and sensor network. 
Unfortunately, there is still a lack of well-functioning in-situ sensors 
for working conditions that are extremely aggressive.8 An ideal 
scenario for in-situ sensors is that they can work in the temperature 
range of 1000-1500oC and they are deployed across the whole boiler, 
since the combustion process is not uniform among local areas. If the 
local variations of combustion can be monitored in real time, the 
specific burners can be adjusted to respond to local deficient 
combustions. At the meantime, good sensitivity, durability and fast 
response time are expected, in spite of the presence of poisoning 
ashes, dusts and gases. Cost-effectiveness is also a consideration if 
successful, numerous sensors would be used for the power plant 
fleet all over the world. 

Currently, continuous emissions monitoring systems (CEMS) using 
pollutant analyzer, algebra conversion equations or computer 
program to evaluate the gas or particulate specifics offers strong 
benefits to the power plant operation.9 But they are expensive and 
require 1) the extraction of flue gas from the boiler, 2) the use of gas 
filters or traps, and 3) trained personnel to correctly handle the 
monitoring, which add a delay between the measurement and the 
real-time dynamic combustion.10 Calorimetric analyzers using 
resistivity temperature detectors to detect the heat of oxidation 
from a catalyst layer have only been demonstrated as an extractive 
approach, which is not especially suitable for real-time boiler 
control.8 Optical sensing approaches, e.g. tunable diode or quantum 
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cascade laser spectroscopies are still not reliable enough given that 
a large amount of substances impede light transmission and the 
measured value is not local but an average one among the light 
path.11 

Chemical resistive sensors based on carbon materials and 
semiconducting polymer and oxides  are used widely for gas sensing 
at relatively lower temperature(<500 oC).12-16 They have many 
advantages, such as cost effectiveness, high sensitivity and capability 
of miniaturization.17 However, the lack of selectivity to some 
combustible gases and insufficient long-term stability at extremely 
high temperature may be the problem. Fossil fuel sources are 
amenable to the use of high-temperature, oxygen ion-conducting 
solid electrolytes such as yttrium-stabilized or calcium-stabilized 
zirconium oxide (YSZ or CSZ) mixed potential sensors to enable 
closed-loop combustion control. However, many YSZ-based mixed 
potential-type sensors reported are not suitable for the in-situ 
sensing in utility boilers because they consist of metallic sensing 
electrodes.18 At high temperatures, very similar catalytic kinetics on 
different metallic electrodes makes it difficult to establish an obvious 
mixed potential response.19 There barely are reported literatures on 
the development of mixed potential-type YSZ-based sensor at 
temperatures higher than 900oC to monitor combustion process.

At present, the combustion process monitoring is mostly 
accomplished by monitoring oxygen alone. However, a more 
accurate approach would be the concurrent measurement of the CO 
and oxygen concentration. The optimum condition for boilers in a 
coal-fired power plant is to operate in around 1-2% O2 and 100-200 
ppm CO depending on fuel type, which is near the stoichiometric 
point with the highest efficiency in safe operation.8 In this work, we 
investigated NiO as the sensing material toward hundreds of ppm CO 
under the conditions of 0.5%-3% O2 at 1000 oC. The effects of 
flowrate of sample gas, geometry and structure of NiO electrode on 
the response magnitude and time were systematically studied. A 
one-of-a-kind YSZ-based mixed potential sensor with NiO sensing 
electrode was achieved, showing a response as high as 36 mV to 1000 
ppm CO at 1000oC. The sensing stability was also demonstrated via a 
11-day continuous testing.

Experimental Section
Sensor fabrication 

The mixed potential-type sensor structure is shown in Fig. 1(a), which 
consists of an 8YSZ electrolyte, a NiO and a porous Pt electrode in the 
sensing side, and another Pt electrode at the reference side. A dense 
circle YSZ pellet with a diameter of 2.5 cm and thickness of 0.2 cm 
was fabricated at first by mechanical pressing of YSZ powder (Tosoh-
zirconia TZ-8YSB) followed by 1400oC sintering at air for 4 h. Then 
each circular electrode was made one by one by screen-printing the 
electrode material slurries onto the electrolyte followed by 1400 oC 
annealing in air for 4 h. NiO slurry was made by mixing the 
commercial NiO powders (Fuelcellmaterials NiO-F) and an organic 
vehicle. Pt slurry was supplied by ESL ElectroScience Inc. The RefPt 
(Pt electrode in the refereynce side) electrode was 1.5 cm in 
diameter, while two sensing electrodes, NiO and SenPt (Pt electrode 
in the sensing side), were 0.5 cm in diameter. Two different 
morphologies of NiO electrode, dense and porous, were prepared. 

X-ray diffraction (XRD, PANALYTICAL X’Pert Pro) with the 0.02o step 
size was used to characterize the as-prepared NiO electrode,  
confirming the crystalline structures of NiO and YSZ that show no 
reactivity between them. Scanning electron microscope (SEM Hitach 
S-4700) was used to characterize their micro-morphologies of each 
electrode. Brunauer, Emmett and Teller (BET) surface area analysis 
(Micromeritics, RSAP 2020 Plus) was conducted to determine the 
electrode surface area and porosity. 

Sensor packaging and lab-test station

Two-compartment configuration for lab-test, as shown in Fig. 1(c), 
was made via using two identical silica tubes (Advalue Technology 
LLC) pressing against the sensor pellet. Mica O-rings were positioned 
between SiO2 tubes and the sensor pellet to obtain a good sealing. 
The outside diameter of the silica tubes matched the diameter of the 
sensor pallet. In the sensing side, an Al2O3 tube was flowing the 
mixed gases that consist of 2000 ppm CO gas, N2 and air, in which the 
gas components were controlled by adjusting its mass flow rate by 
digital mass controllers (Alicat). For example, 0 ppm CO and 2%O2 
sample gas (200 sccm total flowrate) is from 20 sccm air + 0 sccm 
2000 ppm CO bal. N2 + 180 sccm N2. 1000 ppm CO and 3%O2 sample 
gas ((200 sccm total flowrate)) is from 30 sccm air + 100 sccm 2000 
ppm CO bal. N2 + 70 sccm N2.On the reference side, an Al2O3 tube 
was used to feed air. 
All gases were supplied and graded as ultra high purity by Matheson 
Gas Inc; the detailed compositions of gases are shown in Table 1 in 
SI. A multi-channel Gamry electrochemical workstation was applied 
to simultaneously record the voltage signals, with the working 
electrodes connected to NiO electrode and Pt electrode on the 
sensing side, and reference electrode connected to Pt electrode on 
the reference/air side. 

Gas-sensing properties measurements 

The response of the sensor was measured in the atmosphere of 0-
1000 ppm CO and 0.5%-3% O2 balanced by N2 with a total 200 sccm 
(standard cm3/min) flowrate at temperature of 1000oC. NiO and Pt 
at sensing side (SenPt) were exposed to the sample gas while Pt 
electrode at reference side (RefPt) was always exposed to air. Two 
potentials were recorded: NiO vs. RefPt (VNiO) and SenPt vs. RefPt 
(VSenPt). The magnitude of response (∆V) was defined as the potential 
differences between sample gases and the base gas. For example, 
the response of NiO to 100 ppm CO is ∆VNiO(100 ppm) = VNiO(100 
ppm)-VNiO(0 ppm). t90, 90% response time, was defined at the 
duration to reach 90% value of ∆V in gas composition shift. Selectivity 
tests were also conducted for CO2, steam and CH4.

Results and discussion
Morphologies of sensor electrodes

Fig.2 shows SEM photographs of the cross-sections of as-prepared 
dense NiO electrode/YSZ interface, porous NiO/YSZ interface and 
SenPt/YSZ interface, with the thickness of each electrode shown. It is 
seen from Fig. 2(a) that although some defects exist over the surface, 
the NiO film is quite dense. Therefore, we assume that most sensing 
signal of the dense NiO electrode comes from the TPB (three-phase 
boundary), which is the outer circle of the contact of dense NiO 
electrode, YSZ and sample gas. Fig. 2(c) is the morphology of a porous 
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Pt electrode, representative of both SenPt and RefPt for they were 
made through the same process. The surface area and porosity of the 
porous and dense NiO was further measured via BET analysis. The  
detailed BET sample preparation procedure and the results are 
shown in Fig. S1 and Fig. S2. Fig. S2(a), (b) and (d) show that the 
surface area and pore size of porous NiO is 1.33 m2/g and 65 nm, 
respectively. In contrast, as shown in Fig. S2(c), the quantities of 
adsorbed nitrogen for the dense NiO are negative numbers, which is 
not valid data. This is because the surface area is too small and lower 
than the detection of limit of the BET instrument . 

CO sensing behavior of NiO electrodes 

Mixed potential on an electrode is established via at least two 
competing redox reactions occurring on the electrode, where due to 
zero net current and charge conservation, an electrochemically 
steady-state condition is achieved leading to a measurable mixed 
potential.20, 21 Fig. 3 (a)-(c) show the typical sensing behaviors to CO 
for dense and porous NiO electrodes and SenPt electrode, in 
atmospheres varying between 0-1000 ppm CO and 0.5%-3% O2 at 
1000oC with the total sample gas flowrate of 200 sccm. SenPt does 
not show obvious sensitivity to CO and potentials are very close to 
the theoretical Nernst potential (Nernst: -53mV for 3% O2 at 1000oC). 
It is primarily due to the fact that at temperature as high as 1000oC, 
the heterogeneous catalytic CO-O2 reaction over metallic electrode 
surfaces is very fast, and very few CO reaches the TPB area. If some 
CO reaches TPB, the electrochemical activity of metallic electrode 
towards oxygen reduction reaction is so high that the mixed 
potential would not deviate much from its equilibrium oxygen 
potential. Both factors contribute to the low sensitivity to CO for the 
SenPt electrode at 1000 oC.

In contrast, both dense NiO and porous NiO electrode exhibit 
obvious sensing ability to CO at 1000oC and 0.5%-3% O2, as seen in 
Fig. 3(a), (b), (d) and (e). Although the porous NiO demonstrates 
superior sensitivity to CO as shown in Fig. 3(b), its response time 
(t90=254s) is not so good as that of the dense NiO (t90=14s). This is 
likely because the porous structure experienced a slow gas transport 
process, prolonging the transition time to the stable state. Fig. 3(f) 
summerizes the relationship of t90 with oxygen concentration for 
dense and porous NiO electrode. T90 for porous NiO tends to increase 
with the increased oxygen content, while t90 for dense NiO does not 
have a definite dependence on oxygen. For dense NiO, gas transport 
is not a limiting step given the 200 sccm flowrate, therefore t90 
reflects the electrochemical reaction kinetics. Since CO is at ppm 
level, the limiting step for electrochemical reactions should be 
related to CO rather than oxygen concentration, leading to the T90 of 
dense NiO insensitive to oxygen concentration change. In contrast, 
for porous NiO electrode, higher oxygen concentration results in less 
CO reaching the sensing-active sites because the longer residence 
time leads to more thorough heterogeneous reaction between CO 
and O2. This further slows the diffusion of CO due to the decreased 
CO concentration gradient. Fig. 3(d) and (e) exhibit the relationship 
between sensing response (∆V) and CO concentration. For dense 
NiO, it basically shows the linear relationship of ∆Vs with the 
logarithm of CO, although in the case of 2% O2, a good linearity is 
only seen for CO content ranging from 200 ppm to 1000 ppm. This 
supports the hypothesis that electrochemical reaction, instead of gas 

diffusion, is the rate-limiting step for the dense NiO electrode. In 
contrast, the non-linearity is relatively more dominant for the porous 
NiO electrode, which reveals that the gas diffusion plays a role in the 
sensing kinetics.

It is noteworthy that there is a positive relationship between the 
sensing response and CO concentration for NiO electrode as seen in 
Fig. 3(d) and (e). This phenomenon is opposite to other published 
results in works of mixed potential-type CO sensor.22-25 Mixed 
potential of an electrode is known to be established via 
electrochemical redox reactions occurring over the electrode. For 
scenarios that are commonly seen in literature, the mixed potential 
is formed due to CO oxidation and oxygen reduction, as illustrated by 
the black lines in Fig. 4(a). In this case, the mixed potential will go 
negatively with the increasing CO content. However, in this present 
work, we find that the measured mixed potential is increasing when 
the CO concentration goes up. Therefore, as shown by the red lines 
in Fig. 4(a), there should be a CO-involved reduction reaction 
occurred over the NiO surface, because only cathodic reactions can 
cause the mixed potential to increase. We think that the reduction 
of CO to carbon and oxygen ions is one possibility. Fig. 4(b) shows 
that the calculated Gibbs free energies for the formation of C and CO 
from CO2 in standard condition defined in NIST-JANAF table.26, 27 The 
standard ΔG of CO  C+ ½ O2 can be obtained by using the red line 
minus the green line. We can see that when the temperature is over 
700oC, the Gibbs free energy of CO reduction to carbon and oxygen 
is negative, indicating that CO tends to decompose into carbon and 
oxygen. Of course, many factors have to be considered when we 
discuss thermodynamics, such as the partial pressure of each 
component and the involved possible reactions. To test this 
hypothesis of CO reduction, we measured the signal changes of the 
porous NiO electrode at different temperatures from 700oC to 
1000oC with other conditions unchanged, as shown in Fig. 4(c)-(f). It 
is obvious that below 900oC, the sensing behavior shows a negative 
correlation of the measured signal and CO concentration. However, 
when the temperature rises to 900oC or higher, the opposite 
behavior occurs. This reversion at some extent supports our 
hypothesis that CO reduction may happen at higher temperatures 
and suggests that 900oC may be the break-in point at which CO 
reduction starts to occur. 

To further elucidate the possible mechanism, polarizations were 
conducted at different CO content and 800oC and 900 oC and 2% O2 
for a porous NiO sensor sample, as shown Fig. 5(a) and (b). The OCV 
values under each CO content show the same trend with the results 
in Fig. 4 (e) and (f). For the polarization regions, a reversed response 
of NiO to CO can be observed by rising temperature from 800 to 900 
oC. At 800 oC, the anodic current increases with the increase of CO 
content, while at 900 oC, the anodic current decreases with increase 
of CO. This is because CO at 800 oC is a combustible. Thus, a higher 
CO content would lead more CO to be oxidized at the same potential, 
resulting in higher net current. In contrast, at 900 oC, if CO is 
supposedly being reduced, the anodic polarization would suppress 
the CO reduction reaction, leading to a smaller net current. The 
similar idea applies for the cathodic polarization regions. At 800 oC, 
CO oxidation is suppressed during the cathodic polarization, while at 
900 oC, CO reduction is prompted when cathodically polarized. 

Fig. 5(c) and (d) presents the XRD results for as-prepared porous 
NiO sensor and the sensor after annealed at 1000 ppm CO + 2%O2 
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bal. N2 for 3 days. The NiO peaks and YSZ peaks are sharp for both 
samples, indicating that the majority of the materials remain 
unchanged. There is a slight down-shift for the peaks from the ppm 
CO treated sample. It is because that after annealed at 2% O2, NiO 
lost oxygen, making the lattice structure to expand. What 
noteworthy is that after the annealing, there are some small new 
peaks, as clearly shown in Fig. 5(d), magnified figure of 5(c). There 
are small foreign peaks in the angle range of 20o to 28o. We cannot 
identify exactly what are these peaks. However, the highest one at 
25.6o is close to the standard peak of (002) graphite peak of 26.2o.

To confirm the mechanism of this opposite signal, more efforts in 
morphology characterizations and even theoretical calculations will 
be put on our future work.

Fig. 6(a) and (c) demonstrate the effect of gas transport on the CO 
sensing behavior of porous NiO at 3% PO2 and 1000oC. While the 
sample gas composition and total flowrate were kept unchanged, the 
gas transport was adjusted by changing the positions of the gas tube 
outlet as shown in Fig. 6(a). The highest sensitivity to CO is obtained 
for the case that the gas tube was placed in position 1, the nearest 
distance to sensor surface. It’s not surprising to see such an 
influential effect of the CO transport to the sensitivity of porous NiO 
given the slow gas transport inside NiO pores can be a limiting factor. 
The response reached as high as 36 mV for 1000 ppm CO for the case 
of position 1, which suggests a strong interaction between CO and 
NiO given at 1000oC oxygen reduction reactions are expected to be 
strong as well. Some performance comparison with results in 
literature is shown in Table 2 in SI. Fig. 6(b) and (d) reveal how the 
geometry of NiO electrode affects the sensing behavior. Large area 
porous NiO has better sensitivity but longer response time than the 
small area one. This result is understandable because more time is 
needed for the larger electrode to reach a stable state. However, for 
the relationship between electrode area and the sensitivity to CO, 
one shouldn’t draw a conclusion of the larger the area, the higher the 
sensitivity, because sensitivity cannot be improved without limit just 
by enlarging electrode area. We believe this phenomenon has more 
to do with the 2D gas flow distribution relative to the electrode and 
the kinetics of CO reaction. 

Selectivity over other possible combustion gases

Selectivity to CO over other major gas components in the utility 
boiler, such as CO2, steam and hydrocarbons, is important. The effect 
of CO2 on the sensing performance of CO is shown in Fig. 7(a). The 
red dash line indicates a change from 10% CO2 to 0% CO2. 10% CO2 
barely has any effect on the response, which means a very low 
selectivity of porous NiO electrode to CO2. This result reveals that 
either the absorption of CO2 is fairly low or CO2 doesn’t participate in 
the electrochemical reactions to build mixed potential, which is 
coincident with our speculation that CO is reduced to C and O2- 
instead of oxidized to CO2 on NiO. The effect of CH4 on the sensing 
performance of CO is shown in Fig. 7(b). It is seen that CH4 in the 
atmosphere increases the signal fluctuation. However, CH4 doesn’t 
change the average sensing response to CO. Furthermore, after 
shutting off CH4, the fluctuation starts to fade out which means the 
effect of CH4 on the CO sensing is reversible.
  The effect of H2O on the sensing performance of CO is shown in Fig. 
7(c) and (d). The only difference between Fig.7(c) and (d) is the total 

sample gas flowrate. In Fig. 7(c), the sensitivity to CO was greatly 
reduced due to the existence of 2% steam. The total flowrate was 
increased to improve the sensitivity according to the results shown 
above about the beneficial effect of flowrate. It is seen in Fig. 7(d) 
that above 100 ppm CO, the sensitivity is relatively low. In contrast, 
the NiO electrode shows greatly improved sensitivity to the low CO 
content range (0-100 ppm) compared to atmosphere without steam 
in Fig. 3 (a) and (b). One possibility is that the coverage of H2O-related 
absorbates is high, leading to an easily saturated CO absorption, thus 
making the electrode less sensitive to higher CO contents.

Sensor Stability demonstration

Fig.8(a) presents the initial sensing behaviour to CO at 2% O2 and 
1000 oC for a porous NiO sensor sample that is used to operate for a 
stability test as shown in Fig. 8(b). Fig. 8(b) shows the 11-day stability 
test for the porous NiO sensor to 200 ppm CO at 1000 oC and 2%O2. 
During this period of time, although a bit larger fluctuation occurred 
after day 5, the sensor showed overal good stability, demonstrating 
its good potential for a long-term run.

Conclusions
In this work, we found NiO was a promising material for in-situ 
high temperature CO sensing in utility boilers, such as coal-fired 
power plants. Its characteristics of enduring temperature as 
high as 1000 oC and good sensitivity, selectivity and response 
time to CO made it an excellent candidate for combustion 
monitoring sensor integrated into smart control system. Under 
the conditions of 0.5%-3% O2 and 1000 oC, the fabricated YSZ-
based mixed potential sensor using porous NiO showed good 
sensitivity to ppm-scale CO. It showed a signal as high as 36 mV 
to 1000 ppm CO. In addition, how the sample gas transport and 
NiO electrode’s structure and geometry affect the sensing 
behavior was studied. Results showed that sensitivity could be 
improved by facilitating gas diffusion. Porous NiO had higher 
sensitivity to CO than dense NiO. But in the meantime, the 
porous structure resulted in much longer response time. 
Selectivity tests on the effects of CO2, CH4 and steam on CO 
sensing were also conducted. NiO was insensitive to even 10% 
CO2. CH4 has not shifted the average value of CO sensing 
response. However, it made the sensing process unstable due 
to the enlarged signal fluctuation. 2% Steam exerted a great 
influence on NiO’s sensing: porous NiO electrode showed 
relatively small variations with the CO content changing from 
100 ppm to 1000 ppm; in contrast, the sensitivity of porous NiO 
electrode to low CO range of 0-100 ppm was enhanced 
significantly. This may be due to the decreased number of 
available adsorption sites for CO, which is preferrably occupied 
by H2O-related species, making the CO-related absorbates 
easily saturated when CO content is higher than 100 ppm.  It’s 
worth noting that the potential of NiO exhibited a positive 
relationship with CO content. This is opposite to nearly all 
reported results in the works of mixed potential sensors to CO. 
We found it might be due to the electrochemical reduction of 
CO during the interaction with NiO at 1000 oC rather than being 
oxidized. Finally, the 11-day stability test to 200 ppm CO at 
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2%O2 and 1000 oC demonstrates its promising potential of 
stable performing.
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Fig. 1 (a) structure of the YSZ-based mixed potential sensor consisting of YSZ electrolyte, NiO sensing 
electrode, Pt sensing electrode and reference electrode. (b)XRD of the porous NiO electrode for the as-

prepared sensor sample (c) lab test configuration for the CO testing for all lab-test results presented in this 
work. 
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Fig. 2 SEM images of cross-sections of YSZ electrolyte and (a) dense NiO electrode, (b) porous NiO electrode 
and (c) porous Pt electrode 
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Fig. 3 Sensing behavior to CO of, (a) dense NiO, (c) porous NiO, (c) SenPt, at atmospheres varying between 
0-1000 ppm CO and 2%-3% O2 at 900oC and 1000oC with the total flowrate of 200 sccm. The sensing 
response (∆V) to CO concentration for (d) dense NiO and (e) porous NiO. (f) The relationship of 90% 

response time t90 with oxygen content for both dense and porous NiO. 
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Fig. 4 (a) the schematics of the establishment of mixed potential of an electrode. (b) theoretical calculation 
of free energy for CO2 reduction to carbon and carbon monoxide26,27 (c)-(f) CO sensing testing for porous 

NiO in different temperature from 700 oC to 1000 oC 
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Fig. 5  The polarization curve at different CO content and 2% O2 for one porous NiO sensor sample at (a) 
800 oC and (b) 900 oC. (c) Full spectrum of XRD of the as-prepared porous NiO and the same sensor after 

annealing at 1000 ppm CO + 2%O2 bal. N2 for 3 days (d) Magnified region for the range of 10o to 28o 
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Fig. 6 (a) and (c) the effect of gas transport on the CO sensing behavior of porous NiO at 3% PO2 and 1000 
oC.  (b) and (d) the effect of electrode geometry on the sensing behavior 
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Fig. 7 CO sensing tests of porous NiO electrode at 1000 oC and 3% O2 when including the effect of other 
gases (a) 10% CO2 (b) ppm-scale CH4  (c) 2% H2O with 200 sccm total flowrate and (d) 2% H2O with 400 

sccm total flowrate 
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Fig. 8 (a) The initial sensing behavior to CO at 2% O2 and 1000 oC before a stability test. (b) the 11-day 
stability test for the porous NiO sensor to 200 ppm CO at 1000 oC and 2%O2 
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NiO electrodes of mixed potential YSZ sensors show a positive potential feedback to CO with high 
sensitivity at 1000 oC
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